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Abstract
English ivy naturally produces organic nanoparticles from its adventitious root hairs, and
possesses characteristics that may allow them to replace metal-based nanoparticles in common
applications, such as sunscreen. At the onset of the research, it was hypothesized that a physical
mechanism of attachment, similar to the gecko footpad, was used to generate the adhesive force
for attachment; however, through the results obtained from recent work, it is clear that a
biochemical mechanism is involved in the generation of the strength of adhesion. Therefore, the
goal of this research was to provide a better understanding of the genetic basis of nanoparticle
biosynthesis and identify the putative gene(s) and encoded proteins that are involved in the
formation or biosynthesis of the nanoparticle.

It was first necessary to develop a biofabrication system that produced large quantities of
adventitious roots. This enhanced system was achieved by modifying GA7 Magenta boxes and
identifying the optimal concentration of the auxin indole-3 butyric acid (IBA) for adventitious
root growth. Maximum adventitious root production was achieved by a 4 h application of 1
mg/ml IBA to juvenile English ivy shoot segments cultured in custom vessels. This method
produced 90 mg of dry weight nanoparticles, confirmed by atomic force microscopy, from 12 g
adventitious roots after 2 wk.

Following bulk production, I utilized a proteomic- and transcriptomic-based approach to identify
and analyze the specific proteins involved in the formation of the nanoparticle adhesive complex
from adventitious root samples. A 10 mM dithiothreitol (DTT)-based extraction buffer allowed
the separation of a single high molecular weight band (> 460 kDa) from nanoparticles into 9
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bands ranging in molecular weight from 25-130 kD, with no effects on the size or stability of the
nanoparticles. The results of the omics analysis identified 11 protein candidates from the English
ivy adventitious root transcriptome, and 9 candidates from the UniProt (all plant) database for a
combined total of 20 individual putative proteins that comprise ivy nanoparticles. These studies
provide a reasonable starting point in the identification of those proteins involved in nanoparticle
formation and function.
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Chapter 1.

Introduction

1

Nanobiotechnology is one of the fastest growing research fields, and concerns over the safety of
semiconductor-based nanomaterials has led to considerable effort to develop “green” chemistry
approaches for their production. Many of these green approaches use the reducing capabilities of
plants or their extracts to reduce metallic salts (silver nitrate AgNO3, chloroauric acid HAuCl4,
etc.) into metal nanoparticles with distinct functional properties. Sundews, which are carnivorous
perennial herbaceous plants having adhesive properties on their leaves that function to capture
insects, also produce natural nanoparticles (Zhang et al. 2010). In 2008, it was first discovered
that English ivy has the ability to secrete an adhesive matrix composed of highly uniform
nanoparticles (Zhang et al. 2008). While several climbing vines are known to release adhesive
materials (Endress and Thomson, 1976; Groot et al., 2003), English and Boston ivy are the only
ones recognized to release nanoparticles naturally, without the addition of metallic salts.

English ivy (Hedera helix L.; Araliaceae family), is an evergreen flowering vine native to most
of Europe and western Asia, and is considered to be an invasive species in North America.
English ivy is well recognized for its climbing ability, which enables it to reach over 30 m from
ground level (Metcalfe 2005). It also can grow laterally in shade to produce a thick ground cover.
Its uncanny capacity to adhere to a variety of natural and artificial surfaces (wood, rocks, brick,
mortar) with high tensile strength and independent of weather makes English ivy a natural source
of inspiration for the development of bio-based adhesives (Melzer et al. 2010, 2011; Zhang et al.
2008).

Recently, the attachment process of English ivy has drawn significant interest leading to several
studies focused on characterization of this process (Melzer et al. 2010; Melzer et al. 2011;
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Lenaghan and Zhang 2012). The attachment of English ivy to natural and artificial substrates
has been hypothesized to occur in a four-step process: initial physical contact with the substrate,
closure formation of the root with the substrate, chemical adhesion, and changes to root hair
shape to form closure with the substrate (Melzer et al. 2010). Ultimately, it was determined that
structural changes at the subcellular level were partly responsible for adherence of English ivy
adventitious roots to various substrates (Melzer et al. 2010). A follow-up study further
characterized the attachment of English ivy to various substrates, including semi-artificial cork,
tree bark and mortar, and determined that attachment at the interface did not fail on any of the
substrates tested (Melzer et al. 2011). Further, it was concluded that English ivy was
successfully adaptive to a variety of substrates (Melzer et al. 2011). However, English ivy has a
limited ability to effectively attach to smooth surfaces, such as glass and aluminum (Melzer et al.
2009). Using real-time video microscopy, it was observed that prior to attachment the roots
elongate with the tips orienting in multiple directions (Lenaghan and Zhang 2012). It was
concluded that the root tip of English ivy provides the primary signal for attachment, acting as
the “pressure sensor” for root attachment and adventitious root production (Lenaghan and Zhang
2012). The attachment strength of several climbing plants, including the attachment of roots
from English ivy to bark, was quantified with its maximum force at failure determined to be 7.07
N and the mean value of maximum force at failure to be 3.81+2.41 N, with decreases in force at
each root field failure (Steinbrecher et al. 2011).

In 2008, it was first discovered that English ivy has the ability to secrete an adhesive matrix
composed of highly uniform nanoparticles (Zhang et al. 2008). While several climbing vines are
known to release adhesive materials (Endress and Thomson, 1976; Groot et al., 2003), English
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and Boston ivy are the only plants recognized to naturally secrete nanoparticles. Sundews
(Drosera spp.), which are carnivorous perennial herbaceous plants, produce adhesives containing
nanoparticles on their leaves that function to capture insects (Zhang et al. 2010).

The nanoparticles produced by English ivy are 50-80 nm spheres, and were found to be produced
by root hairs present on adventitious roots (Lenaghan and Zhang 2012; Xia et al. 2010a,b).
Compared to algal adhesives, the nanocomposite adhesive from English ivy was found to have
much greater adhesion strength (Xia et al. 2010a). Further, using a contact fracture mechanics
model, it was demonstrated that van der Waals forces between the nanoparticles alone were not
strong enough to produce the attachment strength observed experimentally (Wu et al. 2010).
This observation led to the hypothesis that biochemical interactions between the nanoparticles
and the polymer matrix generate the strength of adhesion, not a physical interaction between the
nanoparticles and the surface. These types of interactions have been observed for other
bioadhesives, such as those from marine mussels and barnacles, where an interaction of divalent
cations with the adhesive proteins and polysaccharides occurs, generating a stable underwater
adhesive (Coombs and Keller 1981).

While studies have extensively examined the physiochemical properties of nanoparticles from
English ivy, limited data exist on the potential applications of these naturally produced
nanocomposite adhesives. Naturally occurring nanoparticles from English ivy have been
examined for their use as an alternative to metal-based nanoparticles for ultraviolet (UV)
protection (Xia et al. 2010b). It was observed that ivy nanoparticles were more efficient at
blocking UV light, less toxic to mammalian cells, easily degradable, and had limited permeation

4

through skin when compared to titanium dioxide (Xia et al. 2010b). At a concentration of 4.92
µg/ml the nanoparticles had much greater UV extinction compared to titanium dioxide (TiO2)at
the same concentration. Additionally, ivy nanoparticles had no toxic effect when examined using
HeLa cells while TiO2 had apoptosis rates that were significantly higher than controls. In order to
determine the feasibility of utilizing ivy nanoparticles in cosmetic applications, such as
sunscreens, their stability at extremes of temperature and pH was analyzed (Huang et al. 2013).
It was found that the ivy nanoparticles were highly stable at temperatures between -20 to 40 °C;
however, at 100 °C disruption of the nanoparticle structure was observed (Huang et al. 2013).
Similarly, ivy nanoparticles were found to be more stable in neutral and alkaline conditions (pH
7.4, pH 8, pH 9 and pH 10) than acidic conditions (pH 4, pH 5 and pH 6) (Huang et al. 2013).

My PhD research goals were two-fold. First, I sought to develop a system to produce large
quantities of adventitious roots from English ivy for harvesting of bulk nanoparticles, Second, I
wished to identify the ivy gene(s) and encoded proteins that compose the nanoparticles using
biochemical and molecular approaches. These outcomes are required to develop a system in ivy
or a heterologous system for bulk production of ivy nanoparticles for commercial application.

This dissertation is organized into 6 chapters. This introduction provides a short background on
the properties and sources of nanoparticles from English ivy and their potential in biomedical
and cosmetic applications. Chapter 2 is a literature review on the morphological and biochemical
adaptations of climbing plants. Chapters 3-6 encompass the breadth of the research and also exist
as either published articles or submitted manuscripts for the peer-reviewed literature.
Specifically, chapters are separated as follows: initial studies of English ivy nanoparticle
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biofabrication (Chapter 3); isolation and chemical analysis of nanoparticles from English ivy
(Hedera helix L.) (Chapter 4); and isolation and identification of the compounds contributing to
nanoparticle formation in English ivy (Chapter 5). Finally, conclusions and future research
directions are discussed in Chapter 6.
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Chapter 2.

Morphological and biochemical adaptations of
climbing plants
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Adapted from:
Jason N. Burris, Scott C. Lenaghan, and C. Neal Stewart, Jr. Morphological and Biochemical
Adaptations of Climbing Plants. Submitted to Journal of the Royal Society B.

I partially conceived the idea for the review topic and wrote the manuscript.

2.1

Abstract

Although plants are generally considered sessile organisms, movement and vertical growth are
an essential means by which plants gain a competitive advantage over surrounding species. The
stems of climbing plants have little to no ability to bear weight, but they possess high tensile
strength and flexibility, which allows them to utilize natural and manmade structures for support
and growth. The climbing strategies of plants have intrigued scientists for centuries, yet practical
translation of these strategies for engineering purposes has not been realized. In this review, the
ecological approaches to various climbing strategies of plants will be discussed in light of their
mechanisms. In addition, translation of these strategies into applications will be discussed, along
with future perspectives regarding the continued research into climbing plants.

2.2

Introduction

For centuries, the specialized adaptations and strategies employed by climbing plants that enable
them to compete for sunlight has fascinated researchers. Charles Darwin first categorized
climbing plants into five distinct classes based on their modes of attachment: twining [1-4], hook,
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leaf-angle [5, 6], tendril-bearer [1, 7-11], and root climbers [5, 10, 12-16] (Figure 2-1).
Measurements of the adhesive strength of several such climbers, including Hedera helix (English
ivy) [5, 12, 13, 17, 18], Ficus pumila (climbing fig) [15], Parthenocisus tricuspidata (Boston
ivy) [10, 18], and Parthenocissus quinquefolia (Virginia creeper) [7] have been reported (Table
2-1). Despite the prolonged fascination with climbing plants, we know surprisingly little about
the biology, ecology and biochemistry of attachment and climbing in plants. By way of contrast,
we know much more about the mechanisms certain animals use to adhere to surfaces. While the
permanent attachment of marine invertebrates [2-4, 19, 20] and the reversible attachment of
insects, geckos, tree frogs and spiders [21-25], have received significant attention in recent years,
especially with the advent of nanotechnology, less focus has been placed on analyzing
attachment systems in plants. Considering the current trend in bioinspired engineering, and
recent successes in the translation of fundamental principles gained from the study of animal
attachment and climbing to robotics and adhesion [26-31], it makes sense to explore the various
strategies and adaptations used by climbing plants. As such, in this review we will describe each
of the five modes of attachment identified by Darwin, highlight their structural and mechanical
differences, and provide specific examples addressing the ecological and evolutionary
significance of their support-finding behavior. Specific attention will be focused on adhesives
secreted by plants that enable climbing and how engineering might be inspired by the biology of
these fascinating plants.

2.3

Evolution and taxonomic distribution of climbing plants

The ability to climb represents a competitive advantage of many plants pertaining to acquire
space, light, and nutrients [18-20, 23]. One extreme example is Convolvulus chilensis
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(correhuela), which has evolved an elegant strategy in plant defense by climbing onto cacti and
thorny shrubs to deter mammalian grazers [21, 32]. Another, more common example is Ipomoea
purpurea (common morning glory), which induces twining as a response to snail herbivory and
drought conditions [22]. More generally, outstanding evolutionary success, as measured by the
proliferation of species, often requires a key innovation, which allows a clade to exploit a
previously under-utilized resource [20]. In the case of vines, a literature survey of 45 families of
flowering plants found that 38 taxa with climbers were more diverse than their non-climbing
sister groups, which suggests that climbing was a key innovation to success [33]. Additionally,
171 families were found to contain at least one climbing plant species. These families were
distributed among ferns (9), gymnosperms (2), basal angiosperms (3), magnoliids (8), monocots
(22) and eudicots (127) [34]. Greater than one-third of all seed plant families and three-quarters
of all dicots contain climbing plant species [34], indicating that the climbing habit has evolved
many more times than originally hypothesized [34]. Considering the fitness benefits imparted by
climbing, it is not surprising that climbing has evolved independently in numerous taxa with
physiological constraints dictating the biomechanical mode of attachment and climbing [35].
Genetic differentiation is greater in climbing plants and is unlikely due to phylogenetic bias [34].
For example, climbers such as the liana Berberidopsis carallina and the non-climber tree
Aextoxicon punctatum belong to sister families Berberidopsidaceae and Aextoxicaceae within
Berberidopsidales [36] and climber liana Luzuriaga radicans and the perennial non-climber
Alstroemeria aurea belong to sister families Luzuriagaceae and Alstroemeriaceae within Liliales
[36].
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2.4

Ecological adaptations by climbing type

2.4.1 Twining climbers
Twining plants utilize helical stems to grab support structures and generate a “squeezing” force
that prevents slippage down the support structure (Figure 2-A) [37]. The change in stem
geometry can be predicted based upon the diameter of the supporting structure, with instability
occurring as the radius of the support approaches the radius of curvature of the helix [38, 39].
When searching for a substrate, the stem of twining plants increases in length and generates a
helical form dictated by the flexible apical region. This apical region can undergo broad bending
movements, turning either clockwise or counterclockwise, with early hypotheses suggesting that
external stimuli (humidity, light and heat) affect the symmetry of helices [38]. However, recent
research has found that the vast majority of twining plants (92%) form right-handed helices,
regardless of the hemisphere, latitude, and thigmotrophic responses [40]. After initial contact, the
stem continues to expand from the apex, and a uniform helix is formed [38, 39]. In order to
strongly adhere to the surface, the helix is tightened around the substrate by twisting, bending, or
stretching, with the dominant mechanism remaining unknown. Despite the similarity in overall
strategy, twining plants have developed numerous strategies and structures for placing the stem
under tension and generating the squeezing force necessary to climb substrates.

These varying approaches to climbing behavior in twining plants can be based upon a variety of
ecological factors including, climate, host tree attributes (the size (diameter) of the support),
support features (tree bark roughness or smoothness) and other environmental conditions [23]. It
was recently found that a greater proportion of twining plants occurred in subtropical regions
with warmer climates than temperate climates [41]. In a global analysis of trait variation and
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evolutionary study in climbing plants, twining was identified as the most common climbing
mechanism and represented 42-75% of all species [42]. There is evidence of genetic variation
with regards to differences in winding and morphological adaptability between vines of related
origins Convolvulus spp., Ipomoea spp., [21] and Lonicera spp. [43] tested in a common
environment.

Mechanistically, one example of a twining climber is the air potato and its relatives, which
generate the squeezing force necessary for climbing by the expansion of rigid, flange-like
stipules that extend from the base of petioles [44]. Despite a relatively sparse distribution along
the stem, the expansion of these structures places the rigid basal portion of the stem under
tension, and serves as the points-of-contact between the stem and substrate [44]. While the
discovery of the contribution of stipules to climbing in the air potato was novel, a survey of
twining plants revealed that monocot and dicot twiners have similar structures (e.g., stipules in
Humulus lupulus, a curved petiole base in Phasolus vulgaris, and the pulvinate petiole in twining
Menispermaceae) indicating that this is a conserved mechanism [45]. Despite the commonality
of these structures, in the early stages of twining, the dominant force is frictional contact between
the flexible apical region and substrate, not the squeezing force that provides stability later in
climbing. Generation of a frictional contact force by the flexible apical region has been
implicated in the generation of the initial climbing force in many twining plants, such as the
common morning glory [33]. In this example, the frictional forces generated were related to the
diameter of the substrate, with thicker substrates requiring a larger twining force than slender
substrates, owing to its ability to form more gyres per unit length in the slender substrate
compared to the thicker one [33]. A similar trend was observed for the invasive vine Mikania
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micrantha (bitter vine), where increasing of the substrate diameter reduced climbing efficiency
due to the requirement of a higher squeezing force [46]. Unlike the air potato, however, when the
morning glory was removed from its support, its helical stem formed a coil of smaller radius,
smaller wavelength, and larger torsion [47], indicating lignification of the basal stem structure
for the morning glory. The difference in rigidity between the stem helices, may be a result of the
secondary squeezing force provided by the stipules in the air potato that is not generated in the
morning glory.

2.4.2 Hook and leaf-angle climbers
While the stem plays a key role in twining, hook and leaf-angle climbers employ a strategy in
which specialized structures are used as the point of attachment. In the case of hook climbers,
recurved spines, hooks, or thorns, are used to passively assist the plant in climbing. These hooks
are present on the plant during all stages of growth, and allow the plants to lean on surrounding
vegetation without firmly attaching to a support [39]. In opposition to this strategy are leaf-angle
climbers, which utilize touch-responsive attachment structures (irritable organs) that undergo
morphological changes after contacting a substrate to strongly adhere [35]. Additionally, both
hook and leaf-angle climbers are less prone to extreme mechanical stress and cannot be
dislodged from a support by movement or mechanical failure, as can be observed in twining
plants [48]. The best studied example of hook-climbers are the climbing palms (Calamoideae and
Desmoncus), which utilize modified leaf apices (cirri) or inflorescences (flagella) that have
recurved spines or hooks to grab surrounding host plants and supporting structures (Figure 21C) [45, 46]. The size of the spines and hooks is dependent on the body size of the plant, with
smaller understory climbers developing small sharp hooks and larger canopy climbers

16

developing large hooks capable of grabbing twigs and branches [48, 49]. Hooks and spines are
typically oriented in the direction of least resistance and are capable of disengagement and
reengagement as the climber becomes dislodged from its host [48]. In this way, the climbing
palms have developed a reversible form of attachment and climbing that is suitable for upward
growth and fixed hook position. While this mechanism of attachment provides superior
mechanical strength [49], long-term attachment in these species is limited by the senescence of
leaves and flagella, which leaves few points of contact with surrounding substrates [50]. This
causes these hook-climbers to constantly slip down from the canopy as old growth senesces,
forcing newer leaves at the apices to “catch” the plant. This strategy results in an endless cycle of
stem growth, cirrus/flagellum production, attachment, senescence, and slippage [50]. The
proportion of species utilizing the spine and hook climbing mechanism was found to be greatest
around the 5°-10° latitudinal bands, tropical regions [42].

Unlike hook-climbers, leaf-angle climbers utilize modified leaves to cling to surrounding support
structures. One example of such a modification can be found in Galium aparine (cleavers or
catchweed bedstraw), where small hooks, modified trichomes, are present on both the abaxial
and adaxial surfaces of the leaves (Figure 2-1D) [51, 52]. On the abaxial surface, the hooks are
curved towards the leaf base, are situated along the midrib and leaf margins, and are a
continuously lignified hollow structure [52, 53]. On the adaxial surface, the hooks are smaller,
oriented towards the leaf tip, and evenly distributed across the leaf surface [52, 53]. The
difference in orientation of the hooks between the abaxial and adaxial surface allows the abaxial
surface to “grab” surrounding leaves and substrates through frictional forces, while the reverse
orientation on the adaxial surface reduces friction between surrounding leaves. This results in the
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ability of the leaves to orient the adaxial surface of the leaves towards the sky to maximize
photosynthesis, while grabbing onto suitable substrates with the abaxial surface [27, 52]. In this
way, the arrangement of hooks has evolved to accommodate both photosynthesis, as well as
climbing. Another more complex example of a leaf modification for climbing can be found in
Amphilophium crugigerum (monkey’s comb). In this species, after the initial growth of several
nodes all with trifoliate leaves, complex leaves begin to form that are composed of a basal pair of
foliate leaflets and bifurcated tendril-like leaflets [54]. When the soft hooks on the apical surface
of the tendril-like leaflets contact a substrate and they begin to differentiate into callus-like
adhesive pads and form intimate contact with the substrate [54]. This intimate contact serves as a
signal for the coiling of the tendril-like leaflet, which further brings the stem closer to the
substrate, at which point the tissue lignifies [54]. Unlike the adhesive pads that will be discussed
for tendril and root climbers, the adhesive pad formed in the monkey’s comb does not secrete a
liquid adhesive.

2.4.3 Tendril climbers
Tendrils are long, slender filamentous organs derived from stems, leaves or flower peduncles and
demonstrate movement and growth through contact stimuli [10, 18]. In most cases, tendrils
develop into a spring-like support, going from a left-handed helix to a right-handed one,
separated by a small internal segment (Figure 2-1B). This spring-like support is flexible, and
resistant to high winds and weight bearing loads [55]. Tendril climbing was identified as the
main mechanism of climbing in two latitudinal bands (35% in 0°-5°, 41% in 20°-25°) and the
Americas, and second highest in all other latitudinal bands (19-29%) [42]. The prevalence of
tendril climbing in the Americas may be attributed to species relatedness and the highly
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conserved traits of climbing plant taxa [42]. Further, more tendril climbing plants have been
shown to exist in early successional environments, forest edges, and in locations containing
thinner host stem diameters, thus indicating a potential limitation of this strategy [56, 57].

In general, the tendril coiling strategy involves the elongation of the tendril to “search” for a
substrate. After contacting a substrate the tendril rapidly coils around the substrate, termed “tip
coiling”, forming a strong point-of-contact. In some species, this initial coiling is followed by a
secondary coiling termed “free coiling”, during which the tendrils contract spirally dragging the
plant closer to the substrate [57]. One example of a tendril coiling plant is Luffa cylindrica (towel
gourd). In the towel gourd, free tendrils most often form left-handed helices; however, when
contact is made, the tendril gradually reverses direction to form right-handed helices and wrap
around a substrate [58]. Interestingly, the thigmotropic response driving coiling can be inhibited
by the use of atropine, an inhibitor of acetylcholine, indicating that the towel gourd uses a similar
electrical response mechanism seen in the nerve-muscle pathway of mammals [30].
Mechanistically, the reversal in direction of the tendril coil is controlled by alternate shrinking
and swelling of cells in inner and outer layers of the tendril [58]. In this way deformation of the
helical tendril can be derived from both the geometric and mechanical properties of the cells with
hydraulic forces providing control over attachment [58]. Secondary to the initial tendril coiling,
the towel gourd also undergoes free coiling, which drags the shoot upward and towards the
substrate [59]. As a fail-safe to conserve water, considering the high energy cost of generating
these hydraulic forces, it is not surprising that the tendrils will only undergo coiling upon contact
with a surface [10].
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While tendril coiling represents one elegant strategy used by tendril climbers to scale the canopy,
another dominant strategy employs the secretion of adhesive from tendrils to form permanent
attachment to substrates. The best studied examples of adhesive-secreting tendril climbers are
Parthenocissus tricuspidata (Boston ivy) and Parthenocissus quinquefolia (Virginia creeper).
Both of these species are characterized by tendrils that originate from shoots at the base of foliate
leaves [60, 61]. The morphology of the tendril branches are markedly different, however, with
bulbous, oval tendril tips in Boston ivy, and elongated, forked, cylindrical tapered tips in
Virginia creeper [62]. Further study has demonstrated that the tendrils represent terminal
extensions of the shoot, with their own lateral branches that increase the surface area of the
tendril [62]. In the event that a tendril contacts a surface, the tendril proceeds through four
developmental stages [7, 63]. Upon shoot-surface contact, hooks are initiated for weak
interaction with the surface, which, in turn, signals for differentiation of the swollen tendril tips
with subsequent development of attachment pads [18, 63]. In stage I, the tip of the tendril swells
to form the round/conical precursor to the differentiated attachment pad. During stage II, the pad
changes morphology from centrisymmetric to bisymmetric, where the attachment pad begins to
flatten at the point of contact with the substrate (Figure 2-2) [63]. Following stage II, the
attachment pad continues to differentiate into a cap-like structure with bulging edges resembling
a suction cup (stage III) (Figure 2-2). During stage III, epidermal cells in the periphery of the
attachment pad differentiate into a papillate form and grow toward the substrate [63]. Closer
examination of these cells shows an accumulation of numerous vacuoles of various sizes that
contain electron-dense aggregates of tanniferous substances and insoluble carbohydrates that
form the adhesive [7, 11]. As the attachment pad forms more intimate contact with the surface,
the adhesive continues to accumulate within the concave region between the pad and surface and
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eventually covers the entire contact area [63]. As the adhesive dries, the point at which the
attachment pad ends and the surface begins becomes indistinguishable, demonstrating the strong
bond formed between the tissue and surface by the adhesive. After all of the adhesive has been
secreted, and most likely driven by the change in shape from this fluid loss, the adaxial surface
of the attachment pad shrinks, pushing the attachment pad further toward the substrate [18, 63].
During the final stage of the attachment process, stage IV (lignification), the tissue in the
attachment pad and tendril lignify, along with curing of the adhesive, leading to permanent
contact between the tendril and substrate [18, 63].

Despite the reliance on a liquid adhesive for attachment in Parthenocissus, this attachment
strategy is comparable to the other systems discussed previously (Table 2-1). The strong
interfacial bond between the tissue and substrate generated by the secreted adhesive has led
researchers to begin to examine the adhesive’s chemical structure. Thus far, it has been found
that the adhesive is primarily composed of mucopolysaccharides, including rhamnogalacturonan
I (RGI), callose, and other mucilaginous pectins [7, 8, 11, 64, 65]. Further analysis of the
metallic components of the adhesive revealed the presence of K+, Na+, Mg+, Fe, Mn, which are
all essential nutrients for growth, photosynthesis, and chlorophyll production [64]. Surprisingly,
however, the most abundant metal present in the adhesive was Ca2+, which is known to bind,
with high affinity, to RGI [7, 66]. In other eukaryotic and prokaryotic adhesives, Ca2+ has been
demonstrated as an important cross-linking molecule to promote specific and non-specific
binding to proteins and polysaccharides [67]. In this way, the presence of Ca2+ in the
polysaccharide rich adhesive may indicate a conserved strategy for bioadhesives between plants
and animals.
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Another example of an adhesive secreting tendril climbers are the passion flowers, P. discophora,
P. arbeliazii, and P. tryphostematoides, which utilize attachment pads on branched tendrils to
climb [68-70]. Whereas the majority of passion flowers climb using coiled tendrils, P.
discophora climbs using multi-branched tendrils that emerge from the shoot and have adhesive
pads on the terminus of each tendril [68, 71, 72]. Similar to Parthenocissus, attachment of P.
discophora is a multistep process, utilizing intermittent contact prior to the formation of
permanent attachment. While immature tendrils have a hook-shape, similar to other tendril
climbers, the tip adheres to the surface using epicuticular wax crystals (Figure 2-3) [70]. This
initial contact serves as a trigger for differentiation of epidermal cells at the apex into papillate
cells, devoid of epicuticular wax [70]. These cells continue to grow and form a callus-like tissue
(adhesive pad) that gradually fills the gaps between the pad and substrate, similar to the
monkey’s comb [70]. Unlike the monkey’s comb, however, an extracellular adhesive is secreted
as the pad presses against the surface. Surprisingly, the adhesive was found to be composed of
cutin and lipids, with no mucopolysaccharides, callose, polysaccharides, or proteins, in stark
contrast to the adhesives of Parthenocissus [70]. After deposition of the adhesive, the pad
collapses, followed by lignification, which draws the tendril closer to the surface [70]. From this
example, it can be seen that while the overall mechanism may be similar in adhesive tendril
climbers, the adhesive is highly varied, which may have important evolutionary and structural
implications.

2.4.4 Adventitious root climbers
The final category of climbing plants use clusters of adventitious roots that emerge from
internodes to climb a variety of supports of nearly any diameter or texture (Figure 2-1E) [35].

22

Whereas tendril climbers use both adhesive and non-adhesive secreting climbing strategies, all
adventitious root climbers secrete an adhesive for attachment [1, 12, 15, 17]. In a global analysis,
adventitious root climbers were found to be in the least proportion of species across all latitudes,
including the continents of Africa, the Americas, Asia and Australia [42]. However, root
climbers were found to be in greater populations in forests with higher precipitation and reduced
seasonality [73]. Additionally, a reduction of root climbers occurred when temperatures
increased in tropical locations [73].

By far the most studied example of a root climber is English ivy [5, 12, 17]. The attachment of
English ivy to natural and artificial substrates has been hypothesized to occur in a four-step
process: initial physical contact with the substrate, intimate contact of the root with the substrate,
chemical adhesion, and lignification with subsequent hook formation (Figure 2-4) [12]. Using
real-time video microscopy, it was observed that prior to attachment, adventitious roots elongate
with the tips oriented in multiple directions [17]. After contact, root hairs begin to rapidly grow
posteriorly to the root cap, and begin to secrete adhesive onto the attaching surface [17]. While
this is occurring, the adventitious root orients itself parallel to the substrate, bringing the root
hairs into closer contact with the substrate and allowing the root hairs to penetrate into and bind
to the substrate. Considering that each root hair is a single cell, elongation, vesicle formation,
and secretion of the adhesive bears similarities to the papillate cells described for adhesive
secreting tendril climbers. It is believed that the root hairs use the secreted adhesive to form a
strong initial bond with the surface, which is further strengthened when the root hair lignifies.
Upon lignification, the root hair undergoes a drastic change in morphology, where the previously
flexible linear structure becomes a rigid hook (Figure 2-4). When the root hairs undergo this
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change, root hairs inserted into small crevices/pores in the surface will pull the adventitious root
into even closer contact. The combination of this chemical and physical attachment process is
believed to contribute to the high strength of adventitious root climbers to rough/porous
substrates (cork, tree bark, etc.) (Table 2-1) [5, 10]. This physicochemical mechanism may also
explain why English ivy has a limited ability to effectively attach to smooth surfaces, such as
glass and aluminum, while Boston ivy has no such difficulty [13]. The similarities in the
attachment strategies of English ivy and Boston ivy warrants closer investigation into their
comparative adhesive’s chemical structures.

Recent studies have shown that the adhesive secreted by English ivy is a nanocomposite that is
composed of nanoparticles and a liquid polymer matrix composed of polysaccharides [17, 74-76].
The nanoparticles have been characterized as highly uniform 50-80 nm spheres, and have been
directly correlated with the adhesive secreted by the root hairs [17, 74, 75]. Similar to the results
from analysis of the Boston ivy adhesive, the nanoparticles were shown to be composed of C, N,
S, and O, indicating that the nanoparticles were primarily composed of biological
macromolecules [76]. Unlike the Boston ivy adhesive, however, no metals appear to be
associated with the ivy nanoparticles indicating a key difference in the composite adhesives.
Further research into the structure of the ivy nanoparticles revealed that the ivy nanoparticles
were primarily composed of a glycoprotein complex [76]. In order to determine if the
nanoparticles alone could contribute to the adhesive strength of the ivy adhesive, a contact
fracture mechanics model was tested, which determined van der Waals forces between the
nanoparticles alone were not strong enough to produce the attachment strength observed
experimentally [77]. Based on this evidence, cross-linking between the nanoparticles and the
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polymer adhesive was hypothesized to be necessary for forming the strong bond between the
root hairs and the contact surface. In this way the overall mechanism of the Boston ivy and
English ivy adhesives appears to be similar, with Ca2+ catalyzing cross-linking the
polysaccharides in the Boston ivy adhesive, and the ivy nanoparticles cross-linking the English
ivy adhesive. The prevalence of this bioadhesive strategy and implications to future applications
and studies will be illustrated in the discussion.

2.5

Applications

While numerous examples exist for the translation of animal-inspired climbing and attachment
mechanisms to develop engineered products, few examples exist for the translation of plantbased climbing and attachment into other fields. A prime example of the translational success of
an animal-inspired attachment process can be observed with the development of the synthetic
mussel adhesive Cell-Tak™ [78-80]. Cell-Tak™ utilizes recombinant mussel adhesive proteins
combined with synthetic polymers to fabricate an adhesive that can be used in medicine to ‘glue’
tissue together. Relative to mussel adhesive, the adhesives secreted from Boston ivy, English ivy,
and Virginia creeper appear to have product development potential. The adhesive secreted by
mussels is a composite composed of adhesive proteins, a polysaccharide matrix (collagen), and
an enzyme (catechol oxidase) for cross-linking the two components. In the marine polychaete
Phragmatopa californica, a similar adhesive is used to glue grains of sand together to form
tubular dwellings; however, in this case Ca2+ is used to cross-link adhesive proteins with the
polysaccharide matrix [81-84]. Clearly these two adhesives bear startling resemblance to the
adhesives of Boston and English ivy, making both of these prime candidates for translation into
other fields, including biomedicine, paints, synthetic adhesives, etc. Further, a plant-based
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production system for adhesives and adhesive proteins has numerous advantages to animal-based
systems. One of the greatest advantages is the ability to scale up production of adhesive by
adapting climbers as crops.

Although liquid plant adhesives have been slow to make the transition to applications, there are a
few examples of plant-inspired dry adhesive products on the market. The most successful
example includes hook and loop enclosures, such as Velcro®, which was developed to mimic the
thorns present on the seeds of the genus Arctium (burdock plants) [85]. Recently research has
been conducted into developing hook and loop enclosures based on the hooked trichomes of
cleavers with some success [53]. In addition to hook and loop enclosures, the robotics
community has started to take note of the mechanics of attachment in climbing plants as a source
of inspiration for grasping and climbing. One such example can be seen from the development of
a kinematic model based on the tendrils of Passiflora [86]. Further studies into the application of
tendril climbers have shown the feasibility of using Shape Memory Alloys to replicate the
coiling behavior of tendrils [86]. Although these studies illustrate the feasibility of translating the
mechanics of climbing and attachment in plants to real-world applications, there still exists a
substantial deficit in research geared towards bio-inspired engineering from climbing plants.

2.6

Future research and perspectives

Plants have evolved numerous adaptive strategies for climbing, yet the translation of these plant
innovations to human innovations has been minimal. In order to make the leap from fundamental
understanding to engineered products, it is necessary to follow the path set forward by the
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translation of animal climbing to numerous fields, including robotics, biomedical engineering,
and even medicine. In the case of tendril coiling and twining plants, future research should focus
on understanding how the tissue architecture, hydraulic forces, and frictional forces drive the
process of attachment. While studies have focused on several of these aspects, for the
engineering of a similar system, the tissue architecture and hydraulic flow must be better
understood in order to mimic the system. Clearly the development of shape-changing alloys has
opened the door for development of bio-inspired tendril and twining systems; however, a better
fundamental understanding of the mechanics of movement in these systems must be the impetus
for bio-inspiration. Perhaps the systems with the most potential for bio-inspiration are the
adhesive secreting systems of adhesive tendril and root climbers. In these systems, the adhesive
itself holds the most potential for translation into other fields. While some preliminary research
has focused on understanding the chemical components of these adhesives, little progress has
been made on developing synthetic adhesives mimicking their structures. Further research into
understanding the chemical components and structure of these adhesives will surely speed the
path to engineered systems. Also of interest is the potential to genetically engineer climbing
plants or even heterologous “crops” to produce industrial quantities of bioadhesives. Any plant
genetic engineering of this sort requires better understanding of the pathways and signaling
involved in generating and secreting the adhesive, but has enormous potential in development of
a system for harvesting large quantities of adhesive. Considering the depth of research into
synthetic adhesives for bonding of wood components, a natural alternative that has evolved over
centuries to specifically achieve this task would be a significant achievement. The numerous
plant species and mechanisms distributed across a wide variety of plant taxa offer many potential
research and economic opportunities.
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Appendix
Table and Figure
Table 2-1. Examples of climbing plants in each of the four categories (tendrils, twining, adventitious roots, and hooks or thorns) and
their associated attachment strengths (the maximum force at failure and average values of maximum forces (± standard deviation)).

Structural category

Species

Common name

Attachment strength (Force (F))

Reference

Parthenocissus tricuspidata

Boston ivy

7.59 ±2.53 N, Fmax=14.03 N

[11]

Campsis radicans

Trumpet vine

18.26 ±6.00 N, Fmax=25.18 N

[11]

Dioscorea bulbifera

Air potato

100-300 mN (squeezing force)

[43]

Ipomoea purpurea

Morning glory

167 ±46 mN (slender pole)

[44]

Hedera helix

English ivy

3.81 ±2.41 N, Fmax=7.07 N

[11]

Galium aparine

Cleaver

21.9 ±13.4 mN foam plastic (adaxial leaf surface)

[53]

33.3 ±15.1 mN foam plastic (abaxial leaf surface)

[53]

Tendrils

Twining

Adventitious roots

Hooks or thorns
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Figure 2-1. Example of each climbing strategy identified by Darwin. A) twining (Humulus
lupulus), B) tendril bearers (Cucumis sativus), C) hook-climbers (Uncaria ovalifolia), D) leafangle climbers (Galium aparine), and E) adventitious root climbers (Hedera helix). Figure
compiled from [1, 11, 42, 53, 91, 92].
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Figure 2-2. Structure and morphology of the attachment system of Parthenocissus triscuspidata
(Boston ivy). A) Swollen tip of a developing attachment pad, B) Freshly attached pad to a
sponge, and C) Lignified attachment pad on to cardboard. D) Stage I- II, undifferentiated
attachment pad through initial development. Stage III, differentiation of attachment pad to caplike structure with eventual flattening. Stage IV, lignification of attachment pad surrounded by a
border. Modified from [18].
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Figure 2-3. Development of adhesive tendrils in Passiflora discophora (passion flower). A)
Fully developed tendril with adhesive pads and coiled axes before senescence and B) following
senescence. Scale bar: 10 mm. Arrows indicate a shift of handedness in coils. Modified from
[72].
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Figure 2-4. Participation of root hair in attachment strategy of English ivy. A) SEM of root hair
demonstrating point of contact between the secreted adhesive and the substrate. B) SEM of root
hair demonstrating the helical from created upon lignification and dehydration. C&D) Schematic
of the process of dehydration and hook formation of a root hair, further drawing the shoot into
close contact with the substrate. Scale bar on overview 10 µm; scale bar on inset 5 µm.
Modified from [39].
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Chapter 3.

Nanoparticle biofabrication using English ivy
(Hedera helix)
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Adapted from:
Jason N. Burris, Scott C. Lenaghan, Mingjun Zhang, and C. Neal Stewart, Jr. Nanoparticle
biofabrication using English ivy (Hedera helix). Journal of Nanobiotechnology 10:41.
doi:10.1186/1477-3155-10-41

I designed, executed and analyzed the experiments and wrote the manuscript.

3.1

Abstract

Background
English ivy (Hedera helix) is well known for its adhesive properties and climbing ability.
Essential to its ability to adhere to vertical surfaces is the secretion of a nanocomposite adhesive
containing spherical nanoparticles, 60-85 nm in diameter, produced exclusively by root hairs
present on adventitious roots. These organic nanoparticles have shown promise in biomedical
and cosmetic applications, and represent a safer alternative to metal oxide nanoparticles currently
available.
Results
It was discovered that the maximum adventitious root production was achieved by a 4 h
application of 1 mg/ml indole-3 butyric acid (IBA) to juvenile English ivy shoot segments
cultured in custom vessels. After incubation of the shoots under continuous light at 83 µmol/m2 s
at 20 °C for 2 wk, the adventitious roots were harvested from the culture system and it was
possible to isolate 90 mg of dry weight nanoparticles per 12 g of roots. The nanoparticle
morphology was characterized by atomic force microscopy, and found to be similar to previous
studies.
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Conclusions
An enhanced system for the production of English ivy adventitious roots and their nanoparticles
by modifying GA7 Magenta boxes and identifying the optimal concentration of IBA for
adventitious root growth was developed. This system is the first such platform for growing and
harvesting organic nanoparticles from plants, and represents an important step in the
development of plant-based nanomanufacturing. It is a significant improvement on the
exploitation of plant systems for the formation of metallic nanoparticles, and represents a
pathway for the generation of bulk ivy nanoparticles for translation into biomedical applications.

Keywords
English ivy, nanoparticles, biofabrication, adventitious root production
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3.2

Introduction

A wide variety of plants across several taxa have been shown to produce metal nanoparticles
with interesting properties when combined with silver nitrate or gold (III) chloride. Nanoparticle
production, without the need for silver or gold, has been demonstrated in sundew [1] and English
ivy (Hedera helix L.; family, Araliaceae) [2-5], a climbing plant well known for its ability to
adhere to vertical surfaces [6]. Recent research has demonstrated that the adventitious roots of
English ivy are responsible for the production of an adhesive compound composed of
polysaccharide and spherical nanoparticles 60-85 nm in diameter [4-5]. These organic
nanoparticles have an optical absorption and light scattering properties that make them attractive
candidates for sunscreen fillers, especially in light of the toxicity concerns over currently
available TiO2 and ZnO nanoparticles [7-8]. In addition to sunscreen applications, the strong
adhesive properties of the nanocomposite adhesive formed from the English ivy nanoparticles
and surrounding polysaccharide matrix have been implicated in both biomedical and traditional
adhesive applications. In both cases, natural nanoparticles produced in plants might be attractive
alternatives to currently-used metal nanoparticles [7-8].

Prior to this study it has been laborious to obtain sufficient homogeneous nanoparticles for
research purposes. Therefore, our goal was to develop an effective system for nanoparticle
production using English ivy as a bioproduction factory. In this work, special attention has been
paid to the effect of exogenous auxin application, in this case as a stem soak of indole-3 butyric
acid (IBA), to optimize adventitious root and nanoparticle production. Further, a growth-culture
system for nanoparticle production using modified Magenta GA7 tissue culture vessels was
developed
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3.3

Results and discussion

Figure 1 demonstrates Hedera helix adventitious root production after an incubation of 2 wk
from shoots cut into 12.5 cm segments and treated with either low concentrations of IBA 0.0, 0.1,
0.2, 0.3, 0.4, 0.5, 0.6 mg/ml for 16 h or high concentrations of IBA 0, 10, 20, 30, 40, 50, 60,
mg/ml after 4 h. Delaying the processing of stems beyond the day received was shown to affect
the production of adventitious roots, likely due to abiotic stress (data not shown). Maximum
adventitious root production (frozen weight) was achieved by soaking juvenile stems in IBA at a
concentration of 1 mg/ml for 4 h, producing approximately 8 g adventitious roots per 5 GA7
vessels (Figures 3-1, 3-2) or approximately 100 roots per stem (data not shown). Adventitious
root production was optimal under a relatively high IBA concentration of 1 mg/ml for 4 h
periods (Figure 3-2). However, toxic effects of IBA were observed (necrosis or yellowing of the
leaf tissue) when stems were treated with higher concentrations of IBA overnight (Figure 3-1B)
leading to a decrease in adventitious root production (Figure 3-2). Adventitious roots produced
using the 1 mg/ml soak over 4 h led to normal adhesive material release with adhesion to the GA
7 wall (Figure 3-3). Similar to observations by previous researchers [5], no root hairs were
observed to be produced at the tips of roots (Figures 3-3B, 3-4A).

Two types of roots are produced from H. helix—adventitious and subterranean (Figure 3-4).
Subterranean roots show a lack of root hairs and produce a branching pattern not shown in
adventitious roots (Figure 3-4). Previous research, employing a real-time observation system,
demonstrated nanoparticles are released specifically from adventitious root hairs [5]. Therefore,
we created a system designed for the enhanced production of adventitious roots and associated
root hairs. Researchers have hypothesized that English ivy attachment to vertical surfaces occurs
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in four stages [9], and a recent researchers [5] have determined the secretion process took
approximately 4 to 6 h, and observed that adhesive droplets from multiple root hairs in close
proximity fused to form larger adhesive droplets. Similarly, we observed the formation of
adhesive droplets on the adventitious roots. The morphology of English ivy nanoparticles was
analyzed by atomic force microscopy and dynamic light scattering (Figure 3-5) and showed
similar results to what has been previously shown from both natural and tissue culture produced
roots [1-5].

In natural conditions in the absence of root-to-surface contact, adventitious roots can grow
unbranched to lengths 1-15 mm [9]. We have observed root growth of greater than 30 mm
without the release of nanoparticles in the GA7 boxes, due to the artificial conditions placed on
the stems and excess humidity provided by our rooting chambers. Adventitious rooting cuttings
are normally placed under intermittent misting systems that spray water for 2 ½ sec every 5 min
to ensure humidity is kept high [10]. By omitting the need for misting and soil/media substrate
we have created ideal conditions where cultivated roots produce intact nanoparticles until harvest
or until application of mechanical stimulus for natural release. In our observations of roots
produced on potted plants, roots that do not come in contact with an attachable surface will
dehydrate and abort. Therefore, a high humidity system is required for optimal adventitious root
and nanoparticle production. Under high humidity, roots grow unabated for at least one month.

While the composition of the nanoparticle and polysaccharide components in English ivy are
unknown, Virginia creeper (Parthenocissus quinquefolia L.; family, Vitaceae) exudes a
debranched rhamnogalacturonan (RG) I, which allows its attachment to vertical surfaces [11-12].
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In order to characterize the chemical composition of English ivy nanoparticles and secreted
polysaccharides, it is necessary to produce sufficient quantities of secreted materials for chemical
and physical analysis. As such, it was necessary to develop a production and purification system
as a means of producing large quantities of adventitious roots and nanoparticles. Here we
designed and manufactured a simple rooting chamber for English ivy adventitious root
production. In the past, H. helix has been examined for its adventitious rooting properties for the
production of cuttings for the ornamental horticulture industry [13-14], whereby adventitious
roots were produced at very low concentrations, 12 to 22 roots per stem, based upon the
treatment applied [10, 14]. Prior research examined the cuttings for production in a horticultural
setting through the use of a potting media with and without a misting system [10]. In this study,
the addition of IBA and the development of ivy rooting chambers was a significant advancement
allowing for the production of large quantities of adventitious roots, and thus ivy nanoparticles.

3.4

Methods

Initial English ivy propagules were provided by David Gilmore (Swan Valley Farms, Mount.
Vernon, Washington, USA). Stems were segmented to 12.5 cm linear sections and leaves were
removed except for one leaf at each stem’s apex. IBA potassium salt (Sigma, St. Louis, Missouri,
USA) stock solutions were prepared at 50 mg/ml. Two types of IBA soak procedures were
performed: an overnight 16 h soak at a low concentration and a 4 h soak with a high
concentration. For each concentration, the appropriate amount of a stock solution of 50 mg/ml
IBA was added to deionized water for a final volume of 100 ml. For the low concentration soak,
concentrations of 0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 mg/ml of IBA were used. For the high
concentration soak, concentrations of 0, 1, 2, 3, 4, 5, and 6 mg/ml of IBA were used. Stems were
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placed in 150 ml beakers so that the solution covered 75% of the stems (apex was dry) and were
incubated in a darkened room overnight. Post-treatment, four stem segments were placed per
Magenta GA7 box (Fisher, Waltham, Massachusetts, USA) in an incubator for continuous light
at 83 µmol/m2 s at 20 °C for 2 wk. Magenta boxes were converted to ivy rooting chambers by
drilling lids with four 13 mm holes. Each hole was centered 1.5 mm from respective corners and
a foam plug that has been cut to the center was placed into each hole. Stems were placed into the
foam plugs and the bottom of stems rested on the bottom of the Magenta box. Fifty milliliters of
water were placed in each box to provide humidity and moisture.

Following 2 wk growth, roots were harvested from stems, flash frozen in liquid nitrogen and
fresh weights were recorded. Nanoparticles were extracted from 12 g of frozen adventitious
rootlets and macerated as described in [8]. Macerated tissue was squeezed using a glass dounce
tissue grinder, only the liquid from the tissue was collected (approximately 10 ml), centrifuged at
5000 x g for 10 min and filtered through a 0.22 µm filter. Nanoparticles were then dialyzed in
Spectra cellulose ester dialysis membranes MWCO 300,000 against DI water overnight with 3
DI water changes. Solutions were frozen at -80 C, lyophilized (FreeZone 12 L, Labconco) and
dry weights were recorded. The presence and morphology of ivy nanoparticles produced using
the system described above were analyzed by atomic force microscopy and dynamic light
scattering, as defined in [7-8].

Data were analyzed as a completely randomized design with two replicates by analysis of
variance (ANOVA) using the general linear model (SAS 9.3, SAS Institute, Cary, NC). Least
significant differences (LSD) were used to compare treatment mean values when significant
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differences (p<0.05) were found.
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Appendix
Figures

Figure 3-1. H. helix adventitious root production after 2 wk. A. Initial 50 cm stems were cut
into 12.5 cm pieces and treated with either B. low levels of IBA overnight or C. high levels of
IBA for 4 h. Necrosis was observed in leaves where stems were treated with >0.4 mg/ml of IBA
overnight.
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A

B
Figure 3-2. H. helix adventitious root production by weight (g) treated with either A. high levels
of IBA ([0-6 mg/ml]) for 4 h or B. low levels of IBA ([0-0.6 mg/ml]) for 16 h. Error bars
represent 95% confidence intervals using least significant differences (P<0.05).
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Figure 3-3. Adventitious roots produced from H. helix A. after 2 wk treated with 100 mg IBA
for 4 h, B. adventitious roots releasing adhesive, and C. root primordial after 1 wk.
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Figure 3-4. Two root types produced by H. helix. A. adventitious and B. subterranean roots as
viewed under a light microscope. C. High levels of IBA shoots and D. subterranean roots.
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Figure 3-5. AFM and DLS of isolated ivy nanoparticles. A. AFM micrograph of ivy
nanoparticles. B. DLS of ivy nanoparticles, with a mean diameter of 109.8 ± 5.6 nm.
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Chapter 4.

Isolation and chemical analysis of nanoparticles
from English ivy (Hedera helix L.)
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I designed, executed and analyzed the experiments relating to the protein isolation and helped to
write and edit the manuscript. Specifically, I ran and stained the protein gel found in the
manuscript, but also performed many experiments not included in the manuscript to determine
the protein composition of the nanoparticle (see Supplemental)

4.1

Abstract

Bio-inspiration for novel adhesive development has drawn increasing interest in recent years
with the discovery of the nano-scale morphology of the gecko footpad, and mussel adhesive
proteins. Similar to these animal systems, it was discovered that English ivy (Hedera helix L.)
secretes a high strength adhesive containing uniform nanoparticles. Recent studies have
demonstrated that the ivy nanoparticles not only contribute to the high strength of this adhesive,
but also have UV protective abilities, making them ideal for sunscreen and cosmetic fillers, and
may be used as nanocarriers for drug delivery. To make these applications a reality, the chemical
nature of the ivy nanoparticles must be elucidated. In the current work, a method was developed
to harvest bulk ivy nanoparticles from an adventitious root culture system, and the chemical
composition of the nanoparticles was analyzed. Ultraviolet/visible (UV/Vis) spectroscopy,
inductively coupled plasma mass spectrometry (ICP-MS), fourier transform infrared
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spectroscopy (FTIR), and electrophoresis were used in this study to identify the chemical nature
of the ivy nanoparticles. Based on this analysis, we conclude that the ivy nanoparticles are
proteinaceous.

4.2

Introduction

Recent studies showed that the root hairs from the adventitious roots of English ivy (Hedera
helix L.) secrete a nanocomposite adhesive composed of nanoparticles and a liquid polymer
matrix [1-2]. The naturally secreted nanoparticles are highly uniform with a diameter of 50-80
nm, as measured by atomic force microscopy (AFM), and were hypothesized to contribute to the
high adhesive strength of English ivy [2-4]. Force spectroscopy conducted on the freshly
secreted adhesive found that the strength of the ivy adhesive was much greater than similar
bioadhesives [4]. In order to determine the potential contribution of the ivy nanoparticles to the
generation of the measured adhesive force, a contact fracture mechanics model was developed to
predict the attachment strength of the nanoparticles [3]. Based on the model, it was discovered
that van der Waals forces between the nanoparticles alone were not strong enough to generate
the attachment strength observed experimentally. The data led to the hypothesis that the
interaction between the nanoparticles and the polymer matrix generates cross-linking reactions
that lead to an increased strength of adhesion. This hypothesis is consistent with the mechanism
of other bioadhesives, such as the marine mussels and barnacles, where adhesive proteins
interact with divalent cations and polysaccharides to generate a stable water resistant adhesive
[5].

In addition to the role of ivy nanoparticles in the formation of strong adhesive forces, the
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nanoparticles have also demonstrated unique optical properties. A recent study demonstrated,
through UV/Vis spectroscopy, that the ivy nanoparticles exhibit a strong UV absorbance from
200-400 nm [6-7]. Comparison of the ivy nanoparticles with similar concentrations of ZnO and
TiO2 nanoparticles demonstrated an increased ability to block UV light, indicating a potential
role for the ivy nanoparticles as sunscreen protective agents [3]. In the same study, the ivy
nanoparticles were shown to be less toxic to mammalian cells, when compared to similar
concentrations of TiO2 nanoparticles [7]. The reduced toxicity was speculated to be attributed to
the organic nature of the nanoparticles, compared to the metallic nature of the TiO2
nanoparticles; however, the chemical nature of the ivy nanoparticles was not known at the time
of this study.

There are a number of potential applications for which the ivy nanoparticles are ideally suited [3,
7-8]; however, several issues exist before they can be used for large scale applications. First, a
method must be developed for isolating ivy nanoparticles from the root hairs of adventitious
roots. Second, enough ivy nanoparticles should be collected for chemical analysis, to determine
the chemical nature of the ivy nanoparticles, and the chemical components that makeup the
nanoparticles. In this work, we have achieved both of these goals, first by developing a
procedure for the production of ivy nanoparticles, and second, by using this method to collect
gram quantities of nanoparticles for chemical analysis.
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4.3

Results and discussion

4.3.1 Production of ivy nanoparticles
A significant challenge to the collection of ivy nanoparticles was the small size of the root hairs
(~10 um in diameter). In the natural system, when the root cap of an adventitious root contacts a
surface, the root hairs begin to elongate and secrete adhesive [1, 9]. As mentioned earlier, it has
been proven in previous studies that this secreted adhesive contains nanoparticles [1]. Since the
root hairs are the only known structures involved in the generation of the nanocomposite
adhesive [1], the first step in the development of a procedure for nanoparticle production was to
maximize the production of root hairs, while preventing any external contamination. As a result,
a tissue culture method was developed for growing the adventitious roots from cut shoots in
sterile Magenta® GA-7 (MAG) plant culture boxes. Ivy shoots used for tissue culture were
donated by Swan Valley Farms (Bow, Washington) on a weekly basis. Briefly, shoots were cut
to approximately 6 inches with one leaf remaining on the top of the shoot. The external surfaces
of the shoots were then sterilized and the shoots placed upright into MAG boxes containing
nutrient media. The boxes were then sealed and placed into a plant growth chamber with
controlled light and temperature. By sealing the MAG boxes, it was possible to achieve 100%
humidity in the boxes, which was crucial for maintaining the hydration of the adventitious roots.
Using this culture method, it was possible to generate harvestable adventitious roots every two
weeks. In addition, adventitious roots grew much denser in the culture system when compared to
uncultured plants. Further, the adventitious roots had a much higher concentration of root hairs,
owing to the high humidity and the increased availability of nutrients. Development of this
culture system greatly increased the ability to generate the tissue for nanoparticle secretion,
leading to further advances in the design of a robust method for ivy nanoparticle isolation.
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With the stable, scalable tissue culture system described above, the next step was to harvest the
tissue for isolation of the nanoparticles. Considering the small diameter of the root hairs and the
rapid dehydration of the tissue when separated from the adventitious roots, the entire
adventitious root was collected for harvesting the nanoparticles. To preserve the integrity of the
tissue during the time required for harvesting, the adventitious roots were excised directly into a
liquid nitrogen cooled container resulting in an immediate snap freezing of the tissue. After
collection of bulk adventitious roots, the roots were stored at -80°C. Once an appropriate amount
of tissue (> 1 g) was collected for nanoparticle isolation, the tissue was homogenized at 4°C
using a mortar and pestle. Manual homogenization was conducted with only a minimum amount
of ultrapure water to allow the solution to be easily pipetted out of the mortar. After
homogenization, the solution containing a large amount of cell debris, proteins, the polymer
adhesive, and nanoparticles was obtained. To remove the large debris, the solution was filtered
through a 0.2 µm syringe filter and then centrifuged at 1,000 x g to remove any remaining debris.
Finally, the sample was dialyzed through a 300 kD Spectra/Por cellulose ester (CE) dialysis
membrane overnight at 4°C with constant stirring. This high molecular weight (MW) dialysis
membrane was effective for removing most proteins, and also salts present in the sample.
Smaller MW dialysis membranes were tested; however, the nanoparticles isolated using the 300
kD membrane represented the purest fraction through elimination of extraneous lower MW
compounds, thus this membrane was used for further purification. After dialysis, samples were
run on an SEC-HPLC column for separation of the ivy nanoparticles from the other components.

Previous studies using freshly secreted ivy nanoparticles indicated that the nanoparticles
absorbed UV light over the range of 200-400 nm [6-7]. Since the UV absorbance and
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morphology of the ivy nanoparticles were known, samples eluted from the SEC-HPLC column
were collected every minute and scanned using an AFM. In addition, a UV detector was used to
constantly measure the UV absorbance at both 280 and 320 nm during the entire elution. Based
on the AFM images, it was determined that the ivy nanoparticles were contained in the fraction
collected from 10-11 minutes. The nanoparticles collected in this fraction had the same
morphology as those secreted directly from the plant (Figure 4-1A, 4-1B). Further analysis of
the morphology of individual nanoparticles was carried out by examining diluted samples using
both AFM and SEM (Figure 4-1C). In addition to these techniques, DLS and Zeta Potential
analysis were performed to determine the size distribution and stability of the hydrated
nanoparticles (Figure 4-2A, 4-2B). DLS conducted on nanoparticles obtained from three
separate batches of adventitious roots confirmed the presence of the ivy nanoparticles in the
solution collected from the 10-11 min fraction with a mean diameter of 95.69 ±5.56 nm (Figure
4-2A). As expected, the nanoparticle diameter measured by DLS was larger than that using the
AFM and SEM, due to the hydrodynamic radii present in solution [10]. In addition, Zeta
Potential analysis indicated that the ivy nanoparticles did not form a stable solution in ultrapure
water (Figure 4-2B). This was expected, since the ivy nanoparticles have been observed to
slowly precipitate in neutral solutions.

In addition to the physical structure of the isolated ivy nanoparticles, the data from the UV
detector showed a high intensity peak at ~10.5 min at both 280 and 320 nm (Figure 4-3A, 4-3B).
These peaks were positively correlated with the AFM and DLS data, and confirmed the presence
of the ivy nanoparticles. In previous studies, determination of the concentration of ivy
nanoparticles in solution could only be estimated, due to the limited quantity of nanoparticles [6].
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Using the method developed above, after collecting the concentrated ivy nanoparticles, the
samples were pooled and lyophilized to get an accurate measure of the dry weight of the ivy
nanoparticles. To confirm that the previously observed UV/Vis absorbance spectra [6-7] was due
to the ivy nanoparticles alone, it was necessary to analyze the concentration dependent effect of
the ivy nanoparticles using UV/Vis spectroscopy. As shown in Figure 4-4A, when the
concentration of the ivy nanoparticles decreased, the resulting absorbance decreased. A plot of
the UV absorbance at 283 nm showed a linear increase between the concentration of the ivy
nanoparticles and the absorbance value measured by the UV/Vis spectrometer. This linear
increase in absorbance demonstrated that the UV absorbance spectra obtained was from the ivy
nanoparticles. After thorough validation of the method described above for the generation of ivy
nanoparticles, the above procedure was repeated to collect enough nanoparticles for subsequent
chemical analysis.

4.3.2 Chemical analysis of the ivy nanoparticles
The first step in chemical analysis of the ivy nanoparticles was to confirm that the nanoparticles
are organic and did not contain any metals. This is especially important when considering the
large number of metallic nanoparticles that can be formed naturally from heavy metal substrates.
Numerous studies have demonstrated the potential for plants, including English ivy, to generate
nanoparticles from tetrachloroaurate (HAuCl4), silver nitrate (AGNO3), chloroplatinic acid
hexahydrate (H2PtCl6•6H2O), and iron (III) chloride hexahydrate (FeCl3•6H2O) [11-14]. Since
the ivy shoots were grown in a cultured environment, and were not exposed to variable soil
conditions, it was also expected that this would reduce the availability of heavy metal substrates.
To rule out the possibility of the ivy nanoparticles containing metallic components, 48.78 mg of
ivy nanoparticles were analyzed using inductively coupled plasma mass spectrometry (ICP-MS).
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This technique can be used to detect trace levels of metals in a sample, and has recently been
expanded to the analysis of metallo-biomolecules, including metalloproteins [15-16]. The ivy
nanoparticles were analyzed independently by Galbraith Laboratories, Inc. The results indicated
that 47 out of 57 elements tested were below the limit of detection of the test at less than 2 parts
per million (ppm). These included the most common metals used for the synthesis of
nanoparticles from plant extracts, gold, silver, platinum, and iron. In addition to the metals that
were below the detection limit, only manganese and zinc were found above 30 ppm, and both
were still at below trace concentrations (Figure 4-5). Since no metals were detected above trace
levels, it can be concluded that the ivy nanoparticles are, in fact, organic nanoparticles.

After confirmation of the organic nature of the ivy nanoparticles, the next step was to analyze
what type of molecules may be responsible for the formation of the nanoparticles. In previous
studies of Boston ivy (Parthenocissus tricuspidata) and Virginia creeper (Parthenocissus
quinquefolia), it was found, through immunocytochemical analysis, that the majority of the
components in the secreted adhesives were mucilaginous pectins, callose, tanniferous substances,
and acid mucopolysaccharides [17-19]. However, nanoparticles were not observed in either of
these studies, potentially due to the techniques employed at the time of the studies. In other
biological systems, such as the marine mussel Mytilus edulis and polychaete Phragmatopa
californica, proteins are considered as the main building blocks that lead to the generation of
strong adhesive forces [20-22]. In these two systems, unlike Parthenocissus sp., the adhesives
secreted from these organisms have shown the presence of nanoparticles, mainly thought to form
from the interactions of negatively charged proteins with divalent cations, forming three
dimensional nanoparticles [22]. Based on this information, we established a series of
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experiments to determine the organic components involved in the formation of the ivy
nanoparticles.

The first experiment conducted was elemental analysis to determine the amount of carbon,
nitrogen, and sulfur present in the ivy nanoparticles. It was found that the nanoparticles were
composed of 51.77% carbon and 4.72% nitrogen (Figure 4-5). This was a relatively high carbon
to nitrogen ratio ~10:1, and was indicative of a biomolecule such as DNA, RNA, or protein. In
addition, the nanoparticles contained 0.32% sulfur, which again would be expected for a
biomolecule, such as a protein, where disulfide bonds play an important role in folding and
stability, especially in secreted proteins [23]. While this evidence strongly pointed to the
presence of proteins in the nanoparticles, it could not rule out that other biomolecules, such as
polysaccharides, may still contribute to the overall structure. In addition, since nanoparticles
were isolated, and not an individual chemical component, it was possible that the C:N ratio could
have been skewed by the presence of multiple components. As a result, FTIR was conducted on
lyophilized nanoparticles to obtain further information on the chemical structures of the
nanoparticles.

As demonstrated in Figure 4-6, the FTIR spectra of the ivy nanoparticles was compared with the
spectra generated from a typical protein sample, bovine serum albumin (BSA), and also a
popular polysaccharide used in the fabrication of nanomaterials, chitosan. All three samples
showed a peak at 1,653 cm-1 indicating vibration around C=O and C-N, along with peaks at
1,384-1,385 cm-1, indicating C-H bending in aliphatic side groups [24-25]. Additionally, shared
peaks at 2928 cm-1 for both ivy nanoparticles and chitosan, and 2932 cm-1 for BSA, indicate the

74

vibration of C-H present in all samples. When compared to the BSA spectra, the ivy
nanoparticles also shared a peak around 1518 cm-1 for BSA, and 1539 cm-1 for ivy. This peak
represents the amide II band, and is a standard protein peak, indicating the presence of in-plane
N-H bending, and the stretching vibrations of C-N and C-C [25]. In standard protein samples,
this amide II band often shows similar intensity to the amide I band, as shown for BSA, but the
complexity of this band leads to variable intensity and shifts of this peak. In addition to the peak
shared by the BSA and ivy nanoparticle sample, the chitosan and ivy nanoparticles shared a peak
at 1071 cm-1 for chitosan, and 1076 cm-1 for the ivy nanoparticles, indicating the presence of
glycoconjugates. This peak was associated with vibration of the CO-C bond typically found in
carbohydrates [24-25], and thus was not present in the BSA sample. The broad peak present at
3329 cm-1 in the BSA sample, indicates the vibration of N-H, and is similar to the broad peaks
for chitosan, 3433 cm-1, and the ivy nanoparticles, 3407 cm-1, where the shift is due to the
addition of vibration from O-H [24]. Based on the FTIR data, in combination with the elemental
analysis, we believed that the most likely component of the nanoparticles was glycoprotein, due
to the shared amide II band with the BSA spectra, and the shared CO-C band with the chitosan
spectra. In addition, the shift in the broad peak at 3407 cm-1, indicated that O-H bonds were
present, further suggesting the presence of carbohydrate. Based on this data, individual proteins
and glycoproteins were believed to form the ivy nanoparticles, and thus we conducted gel
electrophoresis to identify individual proteins.

Several different gel electrophoresis techniques were evaluated in this study to determine if the
proteins and glycoproteins could be separated from the ivy nanoparticles. It was determined that
SDS-PAGE with a 5% stacking gel and 10% resolving gel yielded the best results for the ivy
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nanoparticles. In addition, the samples were pre-treated with 2 M thiourea, 8 M urea, and 3%
SDS, to completely solubilize the nanoparticles, which reduced the background staining. After
electrophoresis for 4 hours at 180 V, duplicate gels were stained with either the Pro-Q Emerald
300 Glycoprotein Stain Kit (Molecular Probes, Inc., Eugene, OR) or the PlusOne Silver Staining
Kit (AP Biotech). For reproducibility, ivy nanoparticles isolated from three different isolation
procedures with two different researchers were tested. Surprisingly, only one high molecular
weight band (> 460 kD) was observed in all of the ivy nanoparticle samples, despite the harsh
denaturing conditions used, Figure 4-7. This high molecular weight band stained positive for
protein, using the silver stain, and glycoprotein, using the Pro-Q Glycoprotein stain, Figure 4-7.
When comparing the two stains, it was observed that the glycoprotein stain did not cross-react
with the non-glycosylated proteins present in the protein ladder, Figure 4-7. To ensure that the
presence of the glycoprotein band was always associated with the ivy nanoparticles, three
separate isolations were conducted using different batches of adventitious roots. As shown in
Figure 4-7, the band was consistent across all three samples. This confirmed that the ivy
nanoparticles were composed of at least one, if not several glycoproteins. Due to the high
molecular weight of the band, and the potential for the ivy nanoparticles to have survived the
denaturing conditions, the possibility still exists, that the ivy nanoparticles are composed of
multiple proteins and glycoproteins. Further studies are necessary to determine the three
dimensional crystal structure of the ivy nanoparticles, and to identify if multiple copies of a
single protein, or multiple proteins combine to form the ivy nanoparticles. In either case, the
discovery that ivy nanoparticles are non-metallic and proteinaceous, represents a significant
finding, and opens the door for further analysis of the structure of these novel nanoparticles.
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4.4

Conclusion

In this study, we have developed a method for the production of ivy nanoparticles, and
demonstrated the scalability of this process. Briefly, bulk ivy nanoparticles were harvested from
cultured adventitious roots through homogenization, filtration, and separation through an SEC
column. The development of this method was crucial for demonstrating the ability to collect bulk
nanoparticles for use in biomedical applications, and also to obtain enough nanoparticles for
subsequent chemical analysis. Through experiments conducted using ICP-MS, we were able to
prove that the ivy nanoparticles did not contain any metallic components, confirming the earlier
hypothesis that the ivy nanoparticles were organic. Elemental analysis revealed a high, ~10:1,
C:N ratio, and further analysis by FTIR confirmed the presence of peaks related to C-N bonding.
Comparison of the ivy nanoparticle FTIR spectra with a polysaccharide standard, chitosan, and
protein standard, BSA, demonstrated that the ivy nanoparticles shared similar structure to both
samples, indicating that the nanoparticles were most likely composed of glycoproteins. Using gel
electrophoresis, the ivy nanoparticles formed a single high molecular weight band, which stained
positive for both proteins and glycoproteins through silver and glycoprotein specific stains. At
this stage, it is not possible to identify the exact interactions between proteins that lead to the
structural formation of the three dimensional nanoparticles; however, further studies based on
identification of the sequence of these proteins will provide information on how they may be
arranged. It is expected that continued research into these proteins will aid in the development of
new high strength adhesives. Further, it will also be possible to scale-up the procedure developed
in this work to collect enough ivy nanoparticles for future applications in drug delivery and
cosmetics.
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4.5

Experimental

4.5.1 Isolation and physical analysis of the ivy nanoparticles
Previously, a method was developed for generating bulk adventitious roots from the shoots of
English ivy, specifically for the production of viable nanoparticle containing tissue [26]. This
method was employed to grow harvestable amounts of adventitious roots for use in this study.
Since the adventitious roots and root hairs that branch off of the rootlet are the only structures
involved in secretion of the adhesive, these structures were removed from fresh shoots using a
razor blade. Adventitious roots were harvested directly into liquid nitrogen before attaching.
Homogenization of the cleaned rootlets was accomplished with the use of a pellet pestle (Kimble
Chase Kontes) designed for use in 1.5 ml microfuge tubes. The supernatant was removed from
the homogenate and centrifuged at 1000 x g for 10 minutes to remove large debris. The
supernatant from this treatment was then filter-sterilized through a 0.2 µm syringe filter to
remove debris larger than 200 nm, and also to remove bacteria that may have been present in the
sample. The filtrate was then dialyzed overnight at 4°C with distilled water using a Spectra/Por®
Biotech Cellulose Ester dialysis membrane that allowed removal of small chemicals and proteins
with a molecular weight of less than 300,000 daltons.

After removing most of the components from the rootlet extract it was possible to run the extract
on a Phenomenex® Biosep-SEC-S 4000 silica gel filtration column attached to an Agilent HighPerformance Liquid Chromatography (HPLC 1100) equipped with a diode array detector (DAD)
and an evaporative light scattering detector (ELSD). The column was equipped with a
SecurityGuard™ Cartridge to prevent any remaining debris from entering the column. Similar
SEC-HPLC setups have been used to separate and isolate a wide range of nanoparticles [27-29].
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200 µl of the cleaned extract was run on the column using a flow-rate of 0.5 ml/min. The eluate
was constantly monitored with a dual wavelength UV detector measuring at 280 and 320 nm.
Ivy nanoparticle fractions were known to absorb UV at these wavelengths based on previous
studies [6-7]. Fractions were also collected every minute over the course of 60 minutes for
analysis by AFM. For AFM analysis, 20 µl of each fraction was drop deposited on freshly
cleaved mica or a cleaned glass cover slip and allowed to dry overnight. AFM imaging was
conducted using an Agilent 6000 ILM/AFM equipped with Nanosensors™ PPP-NCHR-20
silicon cantilevers with spring constants of 4-20 N/m. All imaging was conducted in AC mode
to prevent contamination on the tip, and also to prevent the tip from dislodging the nanoparticles
from the surface. To determine the presence of the nanoparticles in solution, DLS was
performed on the nanoparticle fractions using a Malvern ZetaSizer Nano ZS (Malvern
Instruments Ltd). This instrument was also used to determine the Zeta Potential of the ivy
nanoparticle solution. After identifying the fraction that contained the nanoparticles, the fraction
was frozen in a -80°C freezer and lyophilized overnight to remove the liquid components and
concentrate the nanoparticles. The lyophilized powder was then resuspended in ultrapure water
and drop deposited on silica wafer before examination using SEM. SEM was used to determine
the size and shape of the nanoparticles, and also to scan a larger area to determine the relative
purity of the sample.

4.5.2 Chemical analysis
UV/Vis spectroscopy was conducted on the liquid fraction collected from the column and also on
the lyophilized powder resuspended in ultrapure water, using a Thermo Scientific Evolution 600
spectrophotometer. The samples were analyzed over wavelengths from 200-500 nm, and the
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absorbance was measured. The absorbance versus concentration was plotted by conducting a
serial dilution of the resuspended nanoparticle powder. FTIR was conducted on the lyophilized
powder to determine the functional groups found in the nanoparticles using a Bio-RAD FTS6000
FTIR spectrometer. Both ICP-MS and the elemental analysis of the ivy nanoparticles were
conducted at Galbraith labs Inc., which allowed for an unbiased examination of the specimen.
Finally, 5 mg of lyophilized nanoparticles were rehydrated in 1 ml of 0.5 M Tris-HCl (pH 6.8).
Seventy-five µl of nanoparticle solution was then mixed with 25 µl of 4x LDS sample buffer
(Life Technologies, Grand Island, NY). Eight µl of the sample was then mixed with 10 µl
reducing buffer (2M thiourea, 8M urea, and 3% SDS) and boiled for 10 min. After denaturation,
samples were run on 5%/10% SDS-PAGE at 180 V for 4 h at 4oC in SDS-Tris-Glycine running
buffer. Gels were subsequently stained using Pro-Q Emerald 300 glycoprotein stain kit
(Molecular Probes, Inc., Eugene, OR) or the PlusOne silver staining kit (AP Biotech).
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Appendix

Figure 4-1. AFM and SEM images of ivy nanoparticles. a) AFM scan of dense ivy nanoparticles
secreted directly from an adventitious root. b) AFM scan of dense ivy nanoparticles isolated
using the procedure developed in this study. c) Small cluster of ivy nanoparticles imaged by
AFM after dilution from the concentrated sample collected from the column. The inset of c)
shows an SEM image of a single ivy nanoparticle prepared the same as the diluted AFM sample.
Note that the size of an individual nanoparticle is slightly smaller by AFM, however, artifacts
related to tip-particle interactions can greatly affect size measurements using AFM.
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Figure 4-2. DLS and Zeta Potential analysis of the isolated ivy nanoparticles. a) DLS of the
nanoparticles collected from three separate isolations showed a similar distribution, with a mean
diameter of 95.69 ±5.56 nm. b) The Zeta potential of the ivy nanoparticles was found to be -35.3
mV, indicating that the ivy nanoparticles did not form stable solution in ultrapure water.
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Figure 4-3. Peaks observed from UV detector of the ivy extract. A prominent peak was
observed in both wavelengths (highlighted in red) during the 10-11 minute fraction. This
fraction corresponded to the presence of nanoparticles, as indicated by AFM. Peaks with lower
intensity were imaged, but were found not to contain any nanoparticles.
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Figure 4-4. UV/vis spectra of the ivy nanoparticle fraction collected directly from the HPLC
column. A) Note the wide absorbance from 200-350 nm, before dropping off in the visible
spectra. B) A plot of absorbance versus concentration at 283 nm clearly shows the direct effect
of the nanoparticle concentration on the absorbance.
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Figure 4-5. Diagrammatic representation of the results from the ICP-MS and elemental analysis.
As indicated, the C:N ratio was ~10:1, indicating that the nanoparticles were composed of
biomolecules. Additionally, ICP-MS revealed that all metals in the ivy nanoparticle fraction were
< 37 ppm, confirming that the ivy nanoparticles are organic.
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Figure 4-6. FTIR spectra of the ivy nanoparticles. The FTIR spectra for the ivy nanoparticles
was compared with reference spectra for chitosan (a representative polysaccharide), and BSA
(representative proteins). All three samples had a band at 1653 cm-1, indicating vibration around
the CO-NH bond, and around 2928-2932 cm-1 indicating C-H vibration. In addition, the ivy
sample shared a peak at 1071-1076 cm-1 with the chitosan sample, indicating vibration of a CO-C
bond, typical of sugars. This band was not present in the BSA sample. Similarly, the BSA
sample had a strong peak at 1518 cm-1, representing the amide II band, while the ivy
nanoparticles had a weak band at 1539 cm-1, indicating a weak amide II band, and the chitosan
sample had no peak in this region. The FTIR spectra from top to bottom are: raw ivy
nanoparticles, chitosan, and BSA (indicated by color in the online version).
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Figure 4-7. Results from SDS-PAGE of ivy nanoparticles. Left, results of the silver stain
demonstrating the staining of the protein ladder, and all ivy nanoparticle samples. Right, results
from glycoprotein stain showing positive staining for the high molecular weight nanoparticle
band. Samples 1, 2, and 3 represent nanoparticles isolated from three separate trials. Note the
lack of staining of the non-glycosylated proteins from the standard ladder.
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Supplemental
Isolate and fractionate proteins involved in nanoparticle formation from
adventitious roots of English ivy
In order to narrow down the pool of potential proteins contributing to nanoparticle formation in
the adventitious roots of English ivy, several fractionation approaches were used. Initially,
adventitious roots, ground roots and leaves/stems from English ivy were collected, extracted,
dialyzed and processed as previously described [26]. Since ground roots and leaves/stems of
English ivy did not yield nanoparticles, we aimed to profile the protein banding patterns of
nanoparticle presence and absence. Total protein extracts were subjected to SDS-PAGE to
identify common and/or different protein banding patterns among the various tissues of English
ivy (Figure 4-8).

In order to fractionate those proteins involved in nanoparticle formation from adventitious roots
of English ivy, proteins from processed roots were first examined for their ability to be separated
based on charge using fast protein liquid chromatography (FPLC; ÄKTAFPLC™, GE
Healthcare, Piscataway, NJ). For ion exchange chromatography, protein extracts were adjusted
to pH 10 using 20 mM Tris (pH 10) buffer, were then filtered through a 0.2-µm-pore-size filter
(Corning) and were loaded onto a HiTrap Q HP Sepharose™ anion-exchange column (GE
Healthcare, Piscataway, NJ) that was previously equilibrated with 20mM Tris buffer (pH 10),
and samples were collected using a fraction collector attached to the FPLC system. Under these
conditions compounds with a negative charge bound to the resin with affinity dependent on the
net charge of the compound. Protein fractions were eluted from the column with varying salt
concentrations in 20mM Tris (pH 10) (Figure 4-9A-B). Most proteins were observed to be
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eluted from the column at 100% salt, indicating a strong anionic charge, and were lost from
collection to waste. Therefore, an identical sample was subjected to the same FPLC conditions
and fractions of A1-B12 were collected as they eluted from the column, stored at 4 °C and
subjected to SDS-PAGE (Figure 4-9C-D). A single high molecular band, >460 kDa, was
observed beginning in the A11 fraction (Figure 4-9C), located at approximately the start of the
FPLC protein peak (Figure 4-9B). As a means to further isolate the proteins contributing to the
nanoparticle formation, we eluted using several alternative and subsequent salt gradients and
verified the nanoparticle presence using UV/Vis spectroscopy (Figures 4-10 to 4-14). Fractions
A1-A4, A5-A11, A12-B4 (eluted from 62-70% salt gradient) and B5-B10 (eluted from 100% salt
gradient) (Figure 4-10A) were combined and subjected to UV/Vis spectroscopy (Figure 4-3B).
Fraction A5-A11 yielded spectra similar to those previously observed for the nanoparticle [6, 7].
Fractions A1-A7, A8-A11, A12-B5 (eluted from 68-74% salt gradient) and B6-B9 (eluted from
100% salt gradient) (Figure 4-11A) were combined and subjected to UV/Vis spectroscopy
(Figure 4-11B). Fractions A8-A11 and A12-B5 were similar in pattern, but none of the fractions
yielded spectra similar to those previously observed for the ivy nanoparticle [6, 7]. Fractions A1A4, A5-A11, A12-B5 (eluted from 48-55% salt gradient) and B6-B9 (eluted from 100% salt
gradient) (Figure 4-12A) were combined and subjected to UV/Vis spectroscopy (Figure 4-12B).
Fraction A5-A11 yielded spectra similar to those previously observed for the nanoparticle [6, 7].
Fractions A1-A6, A7-A12, B1-C2 (eluted from 75-80% salt gradient) and C3-D3 (eluted from
100% salt gradient) (Figure 4-13A) were combined and subjected to UV/Vis spectroscopy
(Figure 4-13B). Fraction A7-A12 yielded spectra similar to those previously observed for the
nanoparticle [6, 7]. Fractions A1-A6, A7-B2, B3-B12 (eluted from 85-95% salt gradient) and
C1-D4 (eluted from 100% salt gradient) (Figure 4-14A) were combined and subjected to
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UV/Vis spectroscopy (Figure 4-14B). Fraction A7-B2 yielded spectra similar to those
previously observed for the nanoparticle [6, 7].

In addition to separating proteins from the adventitious roots of English ivy based on charge, we
subsequently separated those proteins by using FPLC size exclusion chromatography (Figure 415). Fractions under peak A11-B1 (Figure 4-9B-D) were combined and further fractionated on
a size exclusion column (HiLoad 16/60 Superdex 200 prep grade, GE Life Sciences, GE Health
Care, Piscataway, NJ) (Figure 4-15A). Fractions under peak A1-C7 from the size exclusion
column were collected as they eluted from the column, stored at 4 °C and subjected to Laemmli
SDS-PAGE containing beta-mercaptoethanol or 86 mM dithiothreitol (Figure 4-15B) or betamercaptoethanol plus either 6 M urea or 8 M urea plus 2 M thiourea plus 3% SDS (Figure 415C-D). Protein was observed in fractions B10, B11 and B12 no matter what reducing agent was
used (Figure 4-15). However, with the addition of 6 M urea or 2 M thiourea plus 3% SDS to the
beta-mercaptoethanol Laemmli buffer, an additional band below the >460 kDa band was
observed in the fraction under peak B11 (Figure 4-15D). An identical sample was subjected to
the same FPLC conditions and fractions of B8-C8 under the peak were collected as they eluted
from the column, stored at 4 °C and subjected to UV/Vis spectroscopy (Figure 4-16B-C).
Spectra of the fractions B11 and B12 under the peak had similar UV/Vis properties to that of the
nanoparticles and therefore, were sent to MS Bioworks for LC-MS/MS analysis. Proteins
identified by LC-MS/MS analysis using the ivy transcriptome are shown in Table 4-1. Fraction
E5 under the peak was used as a background control as no protein bands were observed when ran
on SDS-PAGE (data not shown). However, those proteins identified by LC-MS/MS yielded little
information as to the composition of the nanoparticle (Supplemental Table 4-1).
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Since anion and size exclusion fractionation did not provide adequate separation of the proteins,
we examined the differences in anionic fractions eluted from 40%, 70% and 100% salt gradient
between water extracted, 20 mM Tris pH 7 with 10 mM DTT and 10 mM DTT extracted
nanoparticles from English ivy adventitious roots (Figure 4-17A, 4-18A, and 4-19A). We then
wanted to determine if changing the buffer had an effect on the proteins that we could elute from
the column so we did 3 different extractions: (1) the normal water extraction, a buffered system
using 20 mM Tris pH 7 and the same buffered system with 10 mM DTT added. The majority of
protein was eluted from water extracted, 20 mM Tris pH 7 with 10 mM DTT and 10 mM DTT
extracted nanoparticle from 100% (Figure 4-17A), 70% (Figure 4-18A) or 40% salt gradient
(Figure 4-19A) respectively. Therefore, we concluded that extraction buffer was an important
factor in protein separation and subsequently focused research efforts on extraction methods and
reducing agents for further resolution of the proteins contributing to nanoparticle formation.
When examining samples that were extracted in water, 20 mM Tris buffer pH 7 or 20 mM Tris
buffer pH 7 plus 10 mM DTT before and after dialysis (Figure 4-20), it was observed that
spectra were similar for all extraction buffers following dialysis (Figure 4-20B). When
compared to a known plant phenolic compound, chlorogenic acid, a peak around 325 nm was not
observed in nanoparticles samples or diluted nanoparticle samples (Figure 4-21).
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Figure 4-8. Silver stained SDS-PAGE of total protein extracted from leaf/stem, ground roots,
and adventitious roots.
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Figure 4-9. Fast Performance Liquid Chromatography (FPLC) chromatogram from ion exchange column. 10 ml of sample was loaded
onto a HiTrap Q HP Sepharose™ anion-exchange column (GE Healthcare, Piscataway, NJ) that was previously equilibrated with 20
mM buffer (pH 10) and was connected to an FPLC (GE Healthcare, Piscataway, NJ). Fractions A1-B12 were collected under the peak.
Solid blue line represents the proteins eluting from the column. Solid green line represents the salt gradient. (A) Sample was initially
ran on anion exchange column, but most of the proteins under the last peak were discarded in the waste collector. Therefore, an
identical sample was ran on anion exchange column and fractions A1-B12 were collected under the peak . (C) Results of the silver
stain demonstrate the staining of the protein ladder and all ivy nanoparticle samples. Lanes show samples A1 thru B12.
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Figure 4-9. Continued
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Figure 4-10. Fast Performance Liquid Chromatography chromatogram and physiochemical properties of nanoparticles extracted from
English ivy adventitious roots fractionated using an anion-exchange column. (A) 10 ml of sample was loaded onto a HiTrap Q HP
Sepharose™ anion-exchange column (GE Healthcare, Piscataway, NJ) that was previously equilibrated with 20mM Tris buffer (pH
10) and was connected to an FPLC (GE Healthcare, Piscataway, NJ). Solid blue line represents the proteins eluting from the column.
Solid green line represents the salt gradient from 62-70% and 70-100%. (B) Fractions A1-A4, A5-A11, A12-B4, and B5-B10 were
combined individually and subjected to UV/Vis spectroscopy.
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Figure 4-11. Fast Performance Liquid Chromatography chromatogram and physiochemical properties of nanoparticles extracted from
English ivy adventitious roots fractionated using an anion-exchange column. (A) 10 ml of sample was loaded onto a HiTrap Q HP
Sepharose™ anion-exchange column (GE Healthcare, Piscataway, NJ) that was previously equilibrated with 20mM Tris buffer (pH
10) and was connected to an FPLC (GE Healthcare, Piscataway, NJ). Solid blue line represents the proteins eluting from the column.
Solid green line represents the salt gradient from 68-74% and 74-100%. (B) Fractions A1-A4, A5-A11, A12-B4, and B5-B10 were
combined individually and subjected to UV/Vis
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Figure 4-12. Fast Performance Liquid Chromatography chromatogram and physiochemical properties of nanoparticles extracted from
English ivy adventitious roots fractionated using an anion-exchange column. Fractions A7 to B7 from 50-62% gradient were
combined and loaded onto a HiTrap Q HP Sepharose™ anion-exchange column (GE Healthcare, Piscataway, NJ) that was previously
equilibrated with 20mM Tris buffer (pH 10) and was connected to an FPLC (GE Healthcare, Piscataway, NJ). Solid blue line
represents the proteins eluting from the column. Solid green line represents the salt gradient from 48-55% and 55-100%. (B) Fractions
A1-A4, A5-A11, A12-B5, and B6-B9 were combined individually and subjected to UV/Vis spectroscopy.
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Figure 4-13. Fast Performance Liquid Chromatography chromatogram and physiochemical properties of nanoparticles extracted from
English ivy adventitious roots fractionated using an anion-exchange column. Fractions C7 to D6 from 50-100% gradient were
combined and loaded onto a HiTrap Q HP Sepharose™ anion-exchange column (GE Healthcare, Piscataway, NJ) that was previously
equilibrated with 20mM Tris buffer (pH 10) and was connected to an FPLC (GE Healthcare, Piscataway, NJ). Solid blue line
represents the proteins eluting from the column. Solid green line represents the salt gradient from 75-85% and 85-100%. (B) Fractions
A1-A6, A7-A12, B1-C2, and C3-D3 were combined individually and subjected to UV/Vis spectroscopy.
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Figure 4-14. Fast Performance Liquid Chromatography chromatogram and physiochemical properties of nanoparticles extracted from
English ivy adventitious roots fractionated using an anion-exchange column. Fractions D7 to E11 from 50-100% gradient were loaded
onto a HiTrap Q HP Sepharose™ anion-exchange column (GE Healthcare, Piscataway, NJ) that was previously equilibrated with
20mM Tris buffer (pH 10) and was connected to an FPLC (GE Healthcare, Piscataway, NJ). Fractions A1-D3 were collected and
subjected to UV/Vis spectroscopy. Solid blue line represents the proteins eluting from the column. Solid green line represents the salt
gradient from 85-95% and 95-100%. (B) Fractions A1-A6, A7-B2, B3-B12, and C1-D4 were combined individually and subjected to
UV/Vis spectroscopy.
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Figure 4-15. Fast Performance Liquid Chromatography (FPLC) chromatogram from size exclusion column. Fractions under peak A11
through B1 from anion exchange column (Figure 2) were combined and further fractionated on a size exclusion column. (A) 2 ml of
sample was loaded onto the size exclusion column and fractions A1-C7 were collected and (B, C, D) fractions under the peak A7-B12
were subjected to SDS-PAGE. Solid blue line represents the proteins eluting from the column. Results of the silver stain demonstrate
the staining of the protein ladder and all ivy nanoparticle samples using (B) beta-mercaptoethanol (B1) or 86 mM dithiothreitol (DTT)
(B2), (C) beta-mercaptoethanol for all samples, and (D) using beta-mercaptoethanol in all samples plus either 6 M urea or 2 M
thiourea plus 3% SDS Laemmli buffer.
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Figure 4-15. Continued
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Figure 4-16. Fast Performance Liquid Chromatography (FPLC) chromatogram and physiochemical properties of nanoparticles
extracted from English ivy adventitious roots fractionated using size exclusion column. (A) FPLC chromatogram when 2 ml of sample
was loaded onto the size exclusion column. Solid blue line represents the proteins eluting from the column. (B) UV/Vis spectroscopy
of nanoparticles extracted in 20 mM Tris-HCl at pH from English ivy adventitious roots and fractionated using size exclusion
FPLC.Fractions B8-C6 under the peak were collected and subjected to UV/Vis spectroscopy.
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Figure 4-16. Continued.
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Figure 4-17. Fast Performance Liquid Chromatography (FPLC) chromatogram and physiochemical properties of nanoparticles
extracted from English ivy adventitious roots fractionated from a HiTrap Q HP Sepharose™ anion-exchange column (GE Healthcare,
Piscataway, NJ) that was previously equilibrated with 20mM Tris buffer (pH 10). (A) 10 ml of sample extracted in water was loaded
onto a HiTrap Q HP Sepharose™ anion-exchange column (GE Healthcare, Piscataway, NJ) that was previously equilibrated with
20mM Tris buffer (pH 10) and was connected to an FPLC (GE Healthcare, Piscataway, NJ). Solid blue line represents the proteins
eluting from the column. Solid green line represents the salt gradient. (B) Fractions A1-A5, A6-A10, A11-B3, B4-B7 and B8-D10
were combined individually and subjected to UV/Vis spectroscopy. In an effort to isolate the nanoparticle into its components,
multiple runs of FPLC were performed and the UV/Vis was used to determining if the spectra matched those of the nanoparticle.
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Figure 4-18. Fast Performance Liquid Chromatography (FPLC) chromatogram from ion exchange column and physiochemical
properties of nanoparticles extracted from English ivy adventitious roots fractionated from a HiTrap Q HP Sepharose™ anionexchange column (GE Healthcare, Piscataway, NJ) that was previously equilibrated with 20mM Tris buffer (pH 10). (A) 10 ml of
sample extracted in 20mM Tris buffer was loaded onto a HiTrap Q HP Sepharose™ anion-exchange column (GE Healthcare,
Piscataway, NJ) that was previously equilibrated with 20 mM Tris buffer (pH 10) and was connected to an FPLC (GE Healthcare,
Piscataway, NJ). Solid blue line represents the proteins eluting from the column. Solid green line represents the salt gradient. (B)
Fractions X1, A1-A6, A7-B3, B4-B9, B10-C5 and C6-D9 were combined individually and subjected to UV/Vis spectroscopy.
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Figure 4-19. Fast Performance Liquid Chromatography (FPLC) chromatogram and physiochemical properties of nanoparticles
extracted from English ivy adventitious roots fractionated from a HiTrap Q HP Sepharose™ anion-exchange column (GE Healthcare,
Piscataway, NJ) that was previously equilibrated with 20mM Tris buffer (pH 10). (A) 10 ml of sample extracted in 20mM Tris buffer
plus 10mM dithiothreitol was loaded onto a HiTrap Q HP Sepharose™ anion-exchange column (GE Healthcare, Piscataway, NJ) that
was previously equilibrated with 20mM trisbuffer (pH10) and was connected to an FPLC (GE Healthcare, Piscataway, NJ). Solid blue
line represents the proteins eluting from the column. Solid green line represents the salt gradient. (B) ractions X1, A1-A3, A4-A8, A9B4, B5-B7, B8-D3 and D4-D8 were combined individually and subjected to UV/Vis spectroscopy.
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Figure 4-20. Physiochemical properties of nanoparticles extracted from English ivy adventitious
roots. Samples were either extracted in water, 20 mM Tris buffer or 20 mM Tris buffer and 20
mM Tris buffer plus 10mM dithiothreitol (DTT). UV/Vis spectroscopy was performed before
and after dialysis.
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Figure 4-21. Physiochemical properties of nanoparticles extracted from English ivy adventitious
roots were compared to a known plant phenolic compound, chlorogenic acid, to observe any
similar properties to the ivy nanoparticle.
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Table 4-1. Proteins present in ivy nanoparticles as identified using ivy transcriptome. Fractions B11, B12 and E5 under the peak
obtained from FPLC size exclusion were sent to MS Bioworks for LC-MS/MS analysis. E5 was included as a sample to eliminate
random proteins. No protein bands were observed when the E5 fraction using SDS-PAGE. No single protein appeared as the only
protein reponsable for the formation of the nanoparticle.

Gene
Proteins

Size

E5

B11

B12

Band

Expression

Expression

Fold

(Adventitious)

(Ground)

Change

Hit Description
Length

73

114,693

23

88

72

31

3128

Uncharacterized protein

30

25

1

11143

65,853

21

43

37

24

1796

Uncharacterized FAD-binding protein

335

117

2.8

20608

33,477

29

42

33

3

913

putative acid phosphatase, partial [Aralia elata]

57

1

48.9

46181

83,710

10

40

33

18

2283

beta-glucosidase 24-like

1756

95

18

116

93,207

7

36

24

9

2542

Arabidopsis thaliana translation initiation factor 3B1

106

71

1

1487

89,320

0

32

36

2436

Probable ATP-citrate synthase subunit 1

239

15

15

43813

105,233

5

32

36

2870

Coatomer, alpha subunit

53

25

2

66528

13,017

8

29

18

355

Histone H4

447

28

15

145

103,987

0

29

23

2836

26S proteasome non-ATPase regulatory subunit 2

52

33

1.5

11026

74,873

0

28

26

2042

Phosphofructokinase

97

16

5.9
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formation of English ivy nanoparticles through an -omics based
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5.1

Abstract

English ivy (Hedera helix L.) secretes a high strength nanocomposite adhesive from adventitious
roots, which allows the plant to climb on vertical surfaces. Previous studies have determined that
the ivy nanocomposite adhesive is primarily composed of proteinaceous nanoparticles and a
polysaccharide matrix. Further study of isolated nanoparticles has revealed that these
nanoparticles have ultraviolet (UV) protective capabilities and the potential for use as
nanocarriers for delivery of therapeutic compounds. Considering the importance of the ivy
nanoparticles in a variety of applications, the goal of this work was to identify the proteins
involved in the formation of the ivy nanoparticles using an -omics approach. First, individual
proteins were separated from purified ivy nanoparticles by adjusting the reducing conditions
prior to SDS-PAGE. Using this strategy, it was possible to separate the ivy nanoparticles into 9
distinct protein bands ranging in molecular weight from 25 kDa to 130 kDa. After gel extraction,
each band was sequenced using LC/MS/MS, and the sequence was queried against the UniProt
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database to identify candidate proteins that comprise the nanoparticles. In addition to comparison
with UniProt, a transcriptome for the ground and adventitious roots of English ivy was created in
order to compare the isolated proteins with the reference material. The results of the -omics
analysis indicated that the protein bands had high homology with 11 candidate proteins from the
English ivy adventitious root transcriptome and 9 proteins from the UniProt database for a
combined total of 11 unique protein candidates. Of special interest was a chaperonin protein,
which has been known to participate in nanoparticle formation in other species. Based on these
results, it was hypothesized that the pool of proteins isolated constitutes the essential building
blocks of ivy nanoparticles, which lays the foundation for subsequent bioproduction.

5.2

Introduction

Previous studies have demonstrated that English ivy (Hedera helix) secretes a nanocomposite
adhesive, from the root hairs of the adventitious roots, that allows it to climb and permanently
adhere to vertical surfaces [1-2]. English ivy produces two different types of roots, adventitious
roots and ground roots [6]. Adventitious roots are characterized by being short, non-branching
and covered with root hairs normally forming on the stems in pathes and are primarily used to
adhere the ivy on surfaces as it grows upward. Ground roots are lignified, branching and lack
root hairs. The nanocomposite adhesive consists of uniform nanoparticles, 50-80 nm in size,
surrounded by a polysaccharide matrix [1, 3]. Further analysis confirmed that the ivy
nanocomposite adhesive has superior strength to known bioadhesives from algae, while
exhibiting similar curing profiles [4]. In order to identify the mechanism generating this high
strength adhesion, a contact fracture mechanics model was developed and concluded that van der
Waals forces between the nanoparticles alone were not strong enough to generate the adhesive
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strength observed experimentally [5]. Based on these results, it was hypothesized that the ivy
nanoparticles were involved in cross-linking between the polysaccharide and the nanoparticles
themselves, resulting in an epoxy-like system [4]. In order to test this hypothesis a tissue culture
method was developed to generate bulk adventitious roots, and this system was used to harvest
and purify ivy nanoparticles for chemical analysis [6-7]. Using inductively coupled plasma mass
spectrometry (ICP-MS), it was proven that the ivy nanoparticles did not incorporate metals, such
as Ca++, into their three-dimensional structure to aid in cross-linking [7]. Further studies,
including elemental analysis and SDS-PAGE, revealed that the ivy nanoparticles were formed
from a complex of either single or multiple proteins/glycoproteins [7]. A recent study has further
hypothesized that the ivy nanoparticles were composed of arabinogalactan proteins (AGPs) [8].
As a side-product of chemical analysis of the ivy nanoparticles, it was discovered that the
nanoparticles exhibited unique optical properties, including UV absorbance over the range
necessary for UV protection, i.e., a sunscreen [9]. In fact, the ivy nanoparticles were proven to
have greater UV absorbance and lower cytotoxicity than TiO2 and ZnO nanoparticles typically
used as sunscreen protective agents [3]. Additional studies demonstrated that the ivy
nanoparticles have good thermal and pH stability, which further indicates potential for use in
sunscreen and cosmetic products [10]. In addition to cosmetics applications, ivy nanoparticles
have been demonstrated as effective nanocarriers for drugs, indicating their potential for use in
nanomedicine [8].

The objective of the study described herein was to use -omics approaches to identify candidate
proteins and their genes responsible for nanoparticle composition. While recent research
identified a single high molecular weight band from SDS-PAGE (>460 kD) as the major
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component of the nanoparticle structure, it was hypothesized that the denaturation conditions
were ineffective, which resulted in the protein complex retaining its native conformation [7]. Our
strategy consisted of optimization of nanoparticle extraction and protein denaturation and
separation to facilitate targeted proteomics analysis to identify individual candidate proteins that
comprise the nanoparticles. In order to infer which candidate English ivy genes were responsible
for encoding these proteins a comparative transcriptomic analysis was undertaken using ground
roots and the nanoparticle-producing adventitious roots. Tandem implementation of proteomic
and transcriptomic approaches were powerful tools for identification of candidate proteins and
genes, which allow hypotheses to be generated about nanoparticle form and function.

5.3

Materials and methods

5.3.1 Adventitious root production
English ivy shoots were provided by Swan Valley Farms, Mount Vernon, Washington, USA.
Production of adventitious roots was carried out as previously described with slight
modifications [6]. Briefly, stems were segmented to 12.5 cm linear sections and all leaves except
the most anterior were removed. Each stem was then soaked in indole butyric acid potassium salt
(IBA) (Sigma, St. Louis, Missouri, USA) at 50 mg/L for 24 h. Post-treatment, stem segments
were placed in modified Magenta GA7 boxes (Fisher, Waltham, Massachusetts, USA), 4 to a
box, with 50 ml of water, and incubated with continuous light (83 µmol/m2s1) for 2 weeks.
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5.3.2 Nanoparticle extraction and analysis
Adventitious roots were harvested from cultured stems, flash frozen in liquid nitrogen, and
nanoparticles were extracted as described previously with slight modifications [9]. Briefly, 25 ml
of 20 mM Tris-HCl was added to 8 g of frozen roots and blended for 2 min until completely
homogenized. Homogenates were then passed through Whatman No. 1 filter paper contained in a
Buchner funnel to remove large debris prior to centrifugation at 3,000 × g for 30 min. The
supernatant was then collected and dialyzed in Spectra cellulose ester dialysis membranes (300
kDa molecular weight cut-off [MWCO]; Spectrum Laboratories, Rancho Dominguez, California,
USA) against 20 mM Tris-HCl for 48 h with 3 buffer changes, and the solution remaining in the
tubing was removed and stored at 4 °C.

In order to assess the impact of storage conditions on the stability of the ivy nanoparticles,
nanoparticles were either prepared fresh, frozen at -20 °C or -80 °C, or frozen at -80 °C and then
lyophilized using a Labconco FreeZone 12 Liter Freeze Dry System (Labconco, Kansas City,
Missouri, USA) and stored at -80 °C. After storage for 1 week, the nanoparticles were either
reconstituted, in the case of the lyophilized nanoparticles, or thawed, in the case of frozen
nanoparticles, and the size distribution and Zeta potential of the isolated nanoparticles was
analyzed using a Malvern Zetasizer Nano ZS (Worcestershire, United Kingdom).

In addition to examining the effect of storage conditions on the ivy nanoparticles, the effect of
oxidizing enzymes present in the adventitious root extract on nanoparticle formation was
analyzed by using dithiothreitol (DTT) to inhibit oxidation. In these experiments, roots were
macerated in 20 mM Tris-HCl at varying pH (4, 7 or 10), containing varying concentrations of
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DTT (0, 2, 4, 6, 8 or 10 mM). The extent to which DTT inhibited oxidative enzymes present in
the extract was determined by qualitatively comparing the color of the extract, with the darker
color indicating a higher degree of oxidation. After addition of the DTT to the extract,
nanoparticle isolation was carried out as described previously [6, 7]. To ensure that the structure
of the ivy nanoparticles was not a result of oxidative reactions, the size distribution of the
nanoparticle was analyzed as described previously [3-4, 6-10], and compared to controls. It was
also important to ensure that DTT did not result in alteration of the nanoparticles leading to a loss
of the characteristic UV/vis absorbance. As such, UV/vis spectroscopy was conducted on the
DTT treated nanoparticles and controls, and analyzed using a Biotek Synergy HT Microplate
Reader (Biotek, Winsooki, Vermont, USA).

5.3.3 Sample preparation for LC/MS/MS and protein identification
Once collected, ivy nanoparticles were subjected to various denaturing and/or reducing
conditions in order to obtain the best resolved bands. Samples were added to a sample buffer
containing differing amounts of urea (2 M to 8 M), thiourea (1 M to 2 M), 3% sodium dodecyl
sulfate (SDS) and DTT with 0.03% bromophenol blue [11] and run on SDS-PAGE gels to
optimize band resolution and separation. Ivy nanoparticles collected from the extraction were
mixed 1:1 with Laemmli buffer containing 2 M thiourea, 8 M urea, 3% SDS and 10% 2mercaptoethanol and boiled for 10 min. After denaturation, samples were electrophoresed on
Tris-glycine gels (5% stacking, 12% resolving) (Jule, Inc., Milford, Connecticut) at 1 W for 24 h
in SDS-Tris-glycine running buffer re-circulated at 4 °C. Gels were stained with ProtoBlue safe
Colloidal Coomassie G-250 stain (National Diagnostic, Atlanta, Georgia). The nine most distinct
bands from the gels stained with ProtoBlue were excised, transferred to individual microfuge
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tubes, and shipped on ice to MS Bioworks (Ann Arbor, Michigan, USA) for sequencing and
analysis (Figure 5-1). MS Bioworks conducted the sequencing by first washing the gel slices
with 25 mM ammonium bicarbonate and acetonitrile and then further reducing the samples with
10 mM DTT at 60 °C. Next, samples were alkylated with 50 mM iodoacetamide and trypsin
digested at 37 °C for 4 h prior to quenching with formic acid. Following quenching, the
supernatant was analyzed by nano LC/MS/MS using a Waters NanoAcquity HPLC system
equipped with a trapping column and eluted over a 75 µm analytical column at 350 nL/min; both
columns were packed with Jupiter Proteo resin (Phenomenex, Torrance, California, USA).
Following HPLC, the peptides were analyzed in a ThermoFisher Orbitrap Velos Pro (Waltham,
Massachusetts, USA) mass spectrometer operating in data-dependent mode, with 60,000 full
width at half maximum (FWHM) resolution and MS/MS performed in the linear trap quadrupole
(LTQ). The 15 most abundant peptide ions were selected for MS/MS. Data was processed using
the Mascot software (Matrix Science Inc, Boston, Massachusetts) with the following parameters:
enzyme: trypsin, database: UniProt virdiplantea, fixed modification: carbamidomethyl (C),
variable modification : oxidation (M), acetyl (Protein N-term), pyro-Glu (N-term Q, deamidaton
(NQ), mass values: monoisotopic, peptide mass tolerance:10 ppm, fragment mass tolerance: 0.6
Da, max missed cleavages: 2. Mascot data files were parsed into the Scaffold software (Proteome
software Inc., Portland, Oregon, USA) for validation, filtering, and to create a non redundant list
per sample. Data were filtered using a protein threshold of 99.0%, a minimum number of
peptides as 5, a peptide threshold of 95%, and an exclusive spectrum count. Peptide
identifications were accepted if they could be established with > 20% probability as specified by
the peptide prophet algorithm [12]. Protein identifications were accepted if they could be
established at greater than 99% probability and contained at least 1 identified peptide. Protein
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probabilities were assigned by the protein prophet algorithm [13]. Proteins that contained similar
peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy
the principles of parsimony.

5.3.4 Sequencing of the reference English ivy root transcriptome
An English ivy reference transcriptome from roots was produced by cDNA library construction
of RNA extracted from adventitious and ground roots of English ivy. Both root types
(adventitious and ground) were collected, and frozen with liquid nitrogen into 2 separate tubes.
RNA was extracted from each tube using Trizol and purified using an RNeasy mini kit (Qiagen,
Valencia, California, USA). Each RNA sample was then incorporated into a GenTegra
(GenTegra Pleasanton, California, USA) water soluble chemical matrix, air dried and shipped to
BGI-Shenzhen (BGI) (BGI Shenzhen, Yantian District, Shenzhen, China) for cDNA
construction and sequencing, as described previously [14]. Sequencing was performed using an
Illumina GA IIx platform on both the adventitious and ground roots cDNA and raw sequence
reads were trimmed prior to scaffold assembly [15]. Only high quality reads were used in
subsequent assemblies, with a consensus library created using all the assemblies. The reference
transcriptome constituted the combined data of two Illumina libraries, one each from
adventitious and ground roots, which allowed subsequent for comparison of the expression levels
between the 2 samples.
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5.3.5 De novo assembly and assessment of transcriptome quality
The de novo transcriptome assembly was conducted as described previously [15]. The original
reads used for assembly of the ivy transcriptome and the assembled scaffolds are publically
available on the 1000 Plants (1kp) website (http://mirrors.iplantcollaborative.org/browse/iplant
/home/shared/onekp_pilot). The reference transcriptome was further annotated by comparison
against the UniProt database using BLASTX (with e-value cutoff of 10-3). Expression profiles
analysis was performed by using the RNAseq module in the CLC genomic workbench (Qiagen,
Valencia, California, USA).

5.3.6 RNA extraction and reverse transcriptase polymerase chain reaction (RTPCR)
In order to validate the sequence data obtained from the English ivy transcriptome and obtain
longer ivy-specific sequence, 10 primer sets were designed based on the sequences identified
from comparison of the 9 isolated protein bands and the ivy transcriptome. Primers were created
using SnapGene (GSL Biotech LLC, Chicago, Illinois, USA) with the following parameters: 1822 nt long and a minimum melting temperature of 55 °C. The sequences of primers (synthesized
by Integrated DNA Technologies, Coralville, Iowa, USA) are shown in Table 5-1. After design
of the primers, tissue from adventitious roots, ground roots and leaves from English ivy were
snap frozen and macerated into a powder in liquid nitrogen. Macerated tissue was then added to
Tri reagent (Molecular Research Center, Cincinnati, Ohio, USA) at 100 mg tissue to 1 ml of Tri
reagent. Samples were allowed to sit for 5 min at room temperature and subsequently centrifuged
at 6,000 × g. The supernatant was transferred to a new tube. Tri reagent was the added directly
to a Direct-zol™ RNA Kit column (Zymo Research Irvine, California, USA) and RNA was
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extracted based on manufacturer’s instructions. RNA was quantified and analyzed for quality
using Nanodrop ND-1000 (Thermo Fisher Scientific, Wilmington, Delaware, USA). First-strand
cDNA was synthesized using the Superscript III first strand synthesis system (Thermo Fisher
Scientific Wilmington, Delaware, USA). cDNA was concentrated and cleaned using a DNA
Clean & Concentrator column (Zymo Research Irvine, California, USA) according to
manufacturer’s instructions. Synthesized cDNA was checked for quality and quantified on the
Nanodrop ND-1000. Ten different PCR using GoTaq polymerase (Promega, Madison,
Wisconsin, USA) were performed for each tissue type using the specified primers. One primer
set was made from each gene. PCR was carried out for 30 cycles at 52 °C using an Eppendorf
Mastercycler® (Eppendorf, Hamburg, Germany). Ten microliters of all PCR products were then
run on a 1% agarose gel at 105 V for 45 min and analyzed by direct visualization after ethidium
bromide staining.

5.4 Results and discussion
5.4.1 Isolation of proteins from ivy nanoparticles
In recent studies on isolation of ivy nanoparticles, the nanoparticles were frozen and lyophilized
prior to chemical analysis [7]. While this procedure is suitable for chemical analysis,
lyophilization and subsequent reconstitution often affects the solubility of proteins [16] , and thus
may inhibit downstream analysis using standard molecular approaches (i.e. gel electrophoresis).
In order to test the hypothesis that the high molecular weight band observed in previous ivy
nanoparticle studies was the result of incomplete solubilization of the nanoparticles [7],
reconstitution of the nanoparticles using various storage methods was examined. From these
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experiments it was determined that the lyophilized nanoparticles were not completely soluble in
water or a 20 mM Tris buffer, pH 7, even in excess of solution. Increasing the pH of the Tris
buffer to 8 led to a further decrease in solubility, with the formation of a larger insoluble pellet
after centrifugation. Similar results were observed when samples were frozen at either -20 C or 80 C and then slowly thawed at room temperature. Despite the lack of an insoluble pellet after
centrifugation prior to freezing, the thawed samples all contained a substantial pellet. Based on
these data, it was concluded that the ivy nanoparticles cannot be completely solubilized after
freeze-thaw cycles or lyophilization. These results may explain the presence of only a single high
molecular weight band in previous SDS-PAGE analysis, as the insoluble fraction may have been
unable to run through the gel, even in the event of complete denaturation.

While the incomplete solubilization of the nanoparticles after freeze-thawing and lyophilization
may provide some insight into why we only observed the single high molecular weight band, it
cannot fully explain why the high molecular weight band could not be observed in freshly
extracted nanoparticles using DTT. One hypothesis is that the nanoparticles were actually the
result of agglomeration of proteins created by oxidizing enzymes present in the extract. During
nanoparticle isolation, it was observed that the extract rapidly turned from a dull yellow to a dark
brown/black after the extract came in contact with oxidation. Previous studies from plant extracts
and tea have noted that nanoparticles can form as the result of complexation of plant
polyphenolics with other chemicals, such as caffeine [17-20]. The formation of these tea-extract
nanoparticles has been shown to be catalyzed by polyphenol oxidases (PPOs) present in the
solution [17-19]. To test the hypothesis that the ivy nanoparticles were formed as a result of a
similar mechanism, DTT was added to the extraction solution at varying concentrations (0-10
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mM) to prevent oxidation and inactivate the polyphenol oxidases. It has been previously shown
that enzymatic ‘browning’ can be inhibited by thiol compounds, and that phenolic compounds,
such as those found in the roots of English ivy, can be oxidized by polyphenol oxidases (PPO)
causing ‘browning’ [21-25]. Qualitative analysis revealed that at 10 mM DTT the ivy
nanoparticle extract did not undergo any enzymatic ‘browning’, indicating inhibition of the PPOs.
At concentrations below 10 mM DTT, varying levels of ‘browning’ occurred, thus extraction
with 10 mM DTT at varying pH (4, 7, and 10) was chosen for analysis of nanoparticle formation.
To determine if the nanoparticles formed with inhibition of the PPOs, the presence and size
distribution of the nanoparticles in 10 mM DTT extracted samples was analyzed using dynamic
light scattering (DLS), zeta potential analysis, and UV/vis spectroscopy (Figure 5-2). DLS
conducted on 10 mM DTT extracted nanoparticles obtained from three different extraction
buffers (pH 4, pH 7 or pH 10) confirmed the presence of ivy nanoparticles at all three pHs tested
(Figure 5-2A). The average Z diameter of ivy nanoparticles in the DTT extracted samples was
141.3 nm +/- 4 for pH 7, 148.6 nm +/- for pH 10 and 333.6 nm +/- 13.52 for pH 4, which was
similar to previously published results (Figure 5-2A) [10]. In addition, zeta potential analysis
indicated that the ivy nanoparticles had a negative surface charge that changed in magnitude
according to pH (pH 7 (-23.9 mV), pH 10 (-34.5 mV), and pH 4 (-11.2 mV)) (Figure 5-2B).
Further the polydispersity index (PDI) of the nanoparticles changed from 0.240 and 0.257 to
0.508 as the pH decreased, indicating a uniform dispersion at neutral and basic pH, with
agglomeration at acidic pH. These results were consistent with previous research that observed
that at neutral and alkaline conditions ivy nanoparticles were more stably dispersed than in
acidic conditions [10]. A previous study in which the zeta potential of ivy nanoparticles in
ultrapure water was observed to be -35.3 mV [7], was comparable to zeta potential values of the
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ivy nanoparticles in buffer at pH 10 (-34.5 mV) (Figure 5-2B). In addition to the zeta potential
and DLS analysis, previous studies have indicated that water-extracted ivy nanoparticles absorb
UV light over the range of 200-400 nm [3]. Similar spectral properties were observed when the
nanoparticles were extracted in buffer with the addition of 10 mM DTT at pH 7 (Figure 5-2C).
DTT extracted nanoparticles were observed to have similar absorbance from 250 nm to 400 nm
compared to water extracted nanoparticles, indicating that these properties were maintained
despite the modification to the extraction procedure (Figure 5-2C). Based on these results, it was
clear that the addition of DTT was able to inhibit oxidative reactions, as indicated by a lack of
enzymatic ‘browning’, and that the inhibition of this process did not affect the formation or
properties of the ivy nanoparticles. From these data it was possible to reject the hypothesis that
the ivy nanoparticles were formed from the reaction of PPOs with other phenolic components of
the root extract, demonstrating a novel mechanism for nanoparticle formation.

In addition to inhibiting oxidative enzymes, DTT has been shown to increase the solubility of
numerous proteins prior to separation using SDS-PAGE [26]. For this reason, it was anticipated
that the ivy nanoparticles extracted using 10 mM DTT would be more amenable to separation,
indicating if the ivy nanoparticles were composed of a single high molecular weight protein or a
complex of smaller proteins. The results from analysis of SDS-PAGE with DTT extracted
nanoparticles revealed the presence of nine distinct protein bands, which ranged from 25 kDa to
130 kDa (Figure 5-2). The high molecular weight band observed in previous studies was no
longer present in the DTT extracted nanoparticles, indicating that the proteins had increased
solubility, which allowed for better separation. Alternatively, the inhibition of PPOs may have
prevented complexation of other proteins onto the surface of the ivy nanoparticles, interfering
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with denaturation. Despite the mechanism, the addition of 10 mM DTT to the ivy nanoparticle
extraction and isolation procedure did not affect the physiochemical properties of the
nanoparticles, but did allow the identification of 9 protein bands for subsequent analysis using
LC/MS/MS peptide sequencing.

5.4.2 Identification of proteins involved in nanoparticle formation
5.4.2.1 Comparison of the sequence data to UniProt
Initial results from peptide sequencing of the 9 ivy nanoparticle protein bands led to
identification of 231 proteins when compared to the UniProt database (Figure 5-1). Using the
scaffold software program (Proteome software Inc., Portland, Oregon, USA), these proteins were
confidently narrowed down to the top 9 candidate proteins (one per top candidate for each band)
based upon a protein threshold of 99.0%, a minimum number of peptides as 5, a peptide
threshold of 95%, and an exclusive spectrum count. These proteins (Figure 5-1, Table 5-2) were
identified as clathrin heavy chain, aconitate hydratase, sucrose synthase isoform, luminal-binding
protein 5, chaperonin CPN60-2, adenoslhomocyteinase, 6-phospogluconate dehydrogenase,
glyceraldehydes-3-phosphate dehydrogenase, and proteasome subunit alpha type-6.

5.4.2.2 English ivy adventitious root and ground root transcriptome
cDNA extracted from nanoparticle-producing adventitious roots and non-producing ground roots
was used to generate an ivy root transcriptome. The average quality score of the RNAseq raw
reads was 35.5 and 35.6 for adventitious and ground roots, respectively (Figure 5-3A, 5-3C). A
quality score between 35 and 40 indicates good quality, as indicated in the frequency of quality
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scores (Figure 5-3B, 5-3D). Sequencing on the Illumina GA IIx platform produced
approximately 2.1 Gb of high-quality bases from approximately 25 M 90 bp paired-end sequence
reads from both adventitious and ground root samples (Table 5-3). Assembly from adventitious
root and ground root reads returned approximately 205,180 or 233,335 scaffolds, respectively
(Table 5-3). A total of 32,331 sequences were annotated with an average length of 996 bp,
yielding a total of approximately 32.21 Mb of data (Table 5-3). The number of assembled
transcripts with an average length greater than 600 bp, 1000 bp and 1500 bp was 32,522, 16,972
and 7,610, respectively (Figure 5-4). Expression profiles of genes found in adventitious and
ground roots were determined (Figure 5-5). A scatter plot visually shows expression values in
ground roots versus expression values in adventitious roots, allowing for the identification of
highly expressed and specific genes for adventitious roots (Figure 5-5). Additionally, there were
2,529 genes uniquely expressed in adventitious roots compared with 6,719 in ground roots
(Figure 5-6). A total of 36,118 expressed genes were common to both adventitious and ground
roots. By comparing the two transcriptomes a total of 18,111 genes were shown to be higher
expressing in adventitious roots while 15,744 genes were found to be higher expressing in
ground roots (Figure 5-6).

The sequence of the 9 protein bands isolated from the nanoparticles was compared with the ivy
transcriptome to determine if different proteins were identified using this reference library. In
total, 633 candidate proteins were identified from all 9 bands that corresponded to annotated
transcripts from the adventitious root transcriptome (5-2). Using the same criteria as the
comparison with the UniProt database, the top 11 protein candidates were identified from 9
bands (Table 5-2). Two of the bands produced 2 protein identities per band. Multiple protein hits
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from a single band could be due to the short 8 amino acid long reads from the LC/MS/MS data.
These proteins (Table 5-2) were identified as tripeptidyl-peptidase 2, putative aconitate
hydratase, glycine dehydrogenase, phospholipase D alpha 1, phenylalanine ammonia-lyase G2B
(PAL), chaperonin CPN60-2, adenosylhomocysteinase, catalase isozyme 2, beta-glucosidase 12,
glyceraldehyde-3-phosphate dehydrogenase, and proteasome subunit alpha type-6.

5.4.2.3 Comparison between results from UniProt and ivy transcriptome
Without an English ivy reference genome, estimating the number of genes sequenced, their %
coverage, and whether they have been assembled correctly can be a challenge [27-28]. Therefore,
the English ivy transcriptome assembly was validated by a search of contigs/transcripts against
UniProt. Overall, 9 bands had similar protein candidates between the ivy transcriptome and
UniProt. However, some of the potential nanoparticle proteins identified by the ivy transcriptome
were not identified by the UniProt analysis, such as tripeptidyl-peptidase, glycine dehydrogenase,
phospholipase D alpha, PAL, catalase isozyme 2, and beta-glucosidase. It is most likely that
those proteins identified from the ivy transcriptome are more significant hits than from the
UniProt database due to the greater normalized total spectra (Table 5-3). Four proteins were
identified from both the English ivy transcriptome and UniProt databases— aconetitate hydratase,
adenoslhomocyteinase, glyceraldehydes-3-phosphate dehydrogenase, and proteasome subunit
alpha type-6. These proteins are commonly shown to be involved in various growth and
metabolic processes.
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5.4.2.4 Comparative expression of nanoparticle proteins between ground and adventitious
roots
As anticipated, the results from comparison of the adventitious root library with the ground root
library indicated that 9 of the 11 protein candidates were more highly expressed in the
adventitious roots than ground roots. The 2 genes with the highest fold expression in adventitious
roots compared with ground roots were phenylalanine ammonia-lyase (14-fold increase), and
beta-glucosidase (18-fold increase) (Table 5-4). This high expression is expected since the PAL
enzyme is known to be a precursor of lignin, which contributes to mechanical strength of plant
tissues, especially of importance in growing roots [29], while beta-glucosidase 12 has been
shown to be involved in carbohydrate metabolism and growth [30-32]. Other genes up-regulated
in adventitious roots were; chaperonin, adenoslhmocysteinase, glyceraldehyde-3-phosphate
dehydrogenase, and the proteasome subunit alpha type, >3-fold; and glycine dehydrogenase, >4fold (Table 5-4). Tripeptidyl-peptidase 2, a serine protease of the proteasome pathway, may
function with the 20S proteasome to degrade oxidized proteins generated by environmental stress
in Arabidopsis [30, 32], while aconitate hydratase was shown to be involved in carbohydrate
metabolism [30-32] Glyceraldehyde-3-phophate dehydrogenase mediates plant responses to
abscisic acid and water deficiency by activating PLD and producing phosphatidic acid [33-34].
Considering that the harsh and relatively unstable conditions encountered by adventitious roots
and the fact that we induced adventitious root production from ivy stems using a high-titer of
IBA treatment, it is not surprising that this tissue would have a high abundance of proteins
associated with environmental stress.
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Of the 11 genes found from the transcriptome, only phospholipase D alpha (PLDA) and catalase
isozyme were more highly expressed, 2 to 24 fold higher transcripts levels, in the ground roots
than the adventitious roots (Table 5-4). PLDA, in response to stress, acidifies the cell by
hydrolyzing glycerol-phospholipids at terminal phosphodiesteric bonds to generate phosphatidic
acids [21] and mediates wound induction of jasmonic acid [24] and wound-induced metabolism
of polyunsaturated fatty acids [25]. In addition, it plays a key role in cold [23], drought [22, 35]
and salt tolerance to the plant [36]. Catalase isozyme 2 has been identified in all organisms that
respire aerobically and provides protection from the toxic effects of hydrogen peroxide [37].

Primers were designed for each of the genes identified from LC/MS/MS (Table 5-1) and were
used for RT-PCR analysis (Figure 5-7). RT-PCR analysis demonstrated the presence of the
genes found from the ivy transcriptome to be transcriptionally active in both adventitious roots
and leaves of English ivy (Figure 5-7), further validating our proteomic analysis. Once PCR
products were amplified, products were verified using sequencing (UT Genomics Core,
University of Tennessee, Knoxville, TN, USA).

5.4.3 Hypothetical role of proteins in the formation of ivy nanoparticles
While the nanoparticle was shown to be putatively composed of at least 11 proteins including
one protein previously shown to produce nanostructures[42], based on previous reports we
hypothesize that the chaperonin proteins encase the other protein constituents to form the
nanoparticle structure. It was previously shown that doxorubicin (DOX) a cationic anticancer
drug was able to complex with the ivy nanoparticle [8], indicating that the ivy nanoparticle is
anionic. This anionic characteristic provides some explanation to the co-extraction of other
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proteins identified from LC/MS/MS. Type I chaperonins are large oligomeric proteins involved
in the folding and assembly of other proteins [38]. Chaperonin CPN60-2 and chaperonin
CPN60-1, have been shown to play a vital role in protein folding and translocation in both
eukaryotic and prokaryotic cells [39]. There are two subtypes of CPN60, alpha and beta, which
can combine to form hetero-oligomeric chaperonin species [38]. These subtypes demonstrate
50% homology to each other and have been found to be present in two or more paralogous forms
in higher plants [40]. Chaperonins form labile oligomers that can quickly dissociate into
monomeric forms when diluted and in the presence of ATP [41-44]. Previous studies have
demonstrated that chaperone proteins are capable of self-assembling into nanoparticle structures,
approximately 25 nm in diameter [42]. It is possible that a similar mechanism is occurring with
the ivy nanoparticles, where the chaperone proteins are forming a multi-subunit protein cage that
results in the formation of a nanoparticle.

Plants have been shown to utilize the coat protein clathrin as an endocytic mechanism to
internalize exogenous material and regulate signaling at the cell surface [45-46]. Clathrin is the
major protein of the polyhedral coat of coated pits and vesicles and is a trimer of 190 kDa heavy
chains each associated with an approximate 25 kDa light chain [47-48]. It has been shown that
clathrin-dependent internalization machinery is the primary endocytic mechanism in plant cells
and is hypothesized to play a role in nutrient transport, communication, cell signaling and
immunity [46]. Thus, clathrins may provide a means of transport of the nanoparticles from
within the cell to the extracellular environment. In addition to the potential role of clathrins in
transport of the nanoparticle to the extracellular environment, luminal-binding protein 5 is found
in plant tissues with a high proportion of rapidly dividing cells and in organs of secretory tissues.
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Additionally this protein is required in the folding process of de novo synthesized secretory
proteins in unstressed cells , and thus, may contribute to the secretion of nanoparticles from
adventitious roots [49-50].

In addition, the PAL enzyme has been reported to be involved in the flavonoid pathway, which
confers UV resistance to plant tissue [51]. It is possible that the presence of the PAL protein in
the ivy nanoparticles is what contributes to the ivy nanoparticle’s unique UV/Vis spectra, and
may indicate the possibility of using these nanoparticles as a UV protective agent.

5.5 Conclusions
In this study, a modified protein extraction method was developed for the isolation of ivy
nanoparticles and subsequent identification of the proteins involved in their formation. The
addition of DTT to the extraction buffer was able to prevent oxidation of the extract, inhibiting
PPOs, but did not alter the physiochemical properties of the ivy nanoparticles. Further, the
increased solubility imparted by the addition of DTT allowed for separation of the single >460
kDa band from the ivy nanoparticles into its 9 principle components. This increased separation
allowed for the 9 bands to be sequenced and compared to both an ivy root transcriptome, created
in this work, and the UniProt database. From these comparisons, 11 and 9 protein candidates
were identified respectively. Of these proteins, the PAL enzyme was hypothesized to be
responsible for the UV protective effects associated with the ivy nanoparticles. Further, the
identification of a chaperonin, known to form nanoparticles in other systems, provides a potential
protein involved in forming the base structure of the nanoparticles. Associated with the base
structure, identification of a clathrin may indicate a potential route of transport of the
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nanoparticles from within the cell to the extracellular environment, as the ivy nanoparticles are
known to be secreted from root hairs present on the adventitious roots. While further studies are
necessary to identify how the proteins identified are interacting to form the 3D structure of the
ivy nanoparticles, these studies provide a reasonable launching point. Additionally, future work
to create knockdowns to observe loss of function and recombinant expression in a bacterial or
yeast system would verify the role of each of the genes in nanoparticle formation identified from
our LC/MS/MS analysis. It is anticipated that through further study of these proteins, it will be
possible to gain insight into the mechanism of nanoparticle formation in plants, and to increase
the potential for these nature nanomaterials in commercial applications, including sunscreens,
paint additives, and nanocarriers for drug delivery.
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Appendix
Figures and Tables

Figure 5-1. Results from SDS-PAGE of ivy nanoparticles extracted with 20 mM Tris-HCl pH 7 containing 10 mM dithiothreiol
(DTT). 9 distinct bands were excised using a razor and sent off to MC Bioworks for sequencing. The artificial gel shows the bands
and their corresponding identification from the mass spec data.
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Figure 5-2. Physicochemical properties of nanoparticles extracted from English ivy adventitious roots. (A) Dynamic light scattering
(DLS) analysis of ivy nanoparticles extracted in 20 mM Tris-HCl containing 10 mM dithiothreiol (DTT) at pH 4, pH 7 and pH 10. (B)
Zeta Potential analysis of ivy nanoparticles extracted in 20 mM Tris-HCl containing 10 mM dithiothreiol (DTT) at pH 4, pH 7 and pH
10. (C) UV/vis spectra of ivy nanoparticles extracted in water or 20 mM Tris-HCl containing 10 mM dithiothreiol (DTT) at pH 7.
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Figure 5-3. Average quality scores of the RNAseq raw reads of adventitious (A, B; average quality score 35.5) and ground root (C, D;
average quality score 35.6) samples from English ivy.
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Figure 5-4. De novo transcriptome consensus assembly of English ivy. Length distributions of
de novo-assembled contigs. The majority of assembled contigs were >600 bp.
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Figure 5-5. Expression profiles of genes in adventitious roots (A. roots) and ground roots (G.
roots). (A) Box plot shown the expression of genes in adventitious and ground roots. (B) Scatter
plot shows the expression profiles of individual genes in both adventitious and ground roots.
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Figure 5-6. Pictograph representing the variation in gene expression (exclusively expressed in
adventitious roots (genes found to be only expressed in adventitious roots; red), higher
expression in adventitious roots (orange), equivalent expression in adventitious and ground roots
(grey), higher expression in ground roots (green) and exclusively expressed in ground roots
(genes found to be only expressed in ground roots; blue) in adventitious (A. roots) and ground
roots (G. roots) of English ivy.
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Figure 5-7. RT-PCR analysis on total RNAs extracted from adventitious roots and leaves of
English ivy. Expression of tripeptidyl-peptidase (lanes 1 and 2), glycine dehydrogenase (lanes 3
and 4), aconitate hydratase (lanes 5 and 6), phospholipase D alpha (lanes 7 and 8),
phenylalanine ammonia-lyase (lanes 9 and 10), chaperonin (lanes 11 and 12),
adenosylhomocysteinase (lanes 13 and 14), beta-glucosidase (lanes 15 and 16), glyceraldehyde3-phosphate dehydrogenase (lanes 17 and 18), and proteasome subunit alpha type (lanes 19 and
20) in adventitious roots (odd lanes) and leaves (even lanes) of English ivy. M: high molecular
weight marker (Hi-Low DNA ladder, Minnesota Molecular, Minneapolis, Minnesota).
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Table 5-1. Primer sequences used for RT-PCR confirmation of the expression of proteins
identified from LC/MS/MS analysis in adventitious roots of English ivy.
Hit Description
Tripeptidyl-peptidase
Phospholipase D alpha
Chaperonin CPN60-2
Phenylalanine ammonia-lyase
Glycine dehydrogenase
Putative aconitate hydratase
Adenosylhomocysteinase
Beta-glucosidase
Glyceraldehyde-3-phosphate dehydrogenase
Proteasome subunit alpha type

Primer
name
10541F
10541R
10691F
10691R
12229F
12229R
13095F
13095R
545F
545R
45254F
45254R
46923F
46923R
46181F
46181R
13414F
13414R
9802F
9802R

Sequence
TAGGCCTTTGCAACGGAGAG
AGGGCATTCTTGTGAGTCCG
CTGCGCAGTGGAGGTGGT
CTCCATGCCGGGAAGCTC
TCCCTCAACTCCAGCATTGG
GCGCAGGTTGGCACAATATC
AACGATTGGTCAGGTGGCAG
CCATATGCGGGCCTAGCCAT
GTGATACTTTTCCCCGCCGA
CTTGTAGCCTTGTCCCTCCG
ACCTCCGTATCAAACCGTGC
AGGAGCCCATTGGTACAGGA
CAAAGCTGGGGTGACCAG
CGGACCCGACCTGATTG
CGGAAGTGTGTCATCTCGCT
TTGCCAGCACTCCAAGA
CCGGCTCCACTAATCCAT
GAGATCCCTTGGGCCAGC
TCCATAACTGGTCGCAAGCAC
AGGCAATGATTCGGTCTGTGT
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Table 5-2. Proteins present in ivy nanoparticles as identified using ivy transcriptome or UniProt database.
Ivy transcriptome
Molecular weight

UniProt database
Normalized total

Hit Description

Molecular weight

Normalized total

Hit Description
spectra

Tripeptidyl-peptidase

353 kDa

121

Putative aconitate hydratase

251 kDa

168

spectra
Clathrin heavy chain

190 kDa

103

109 kDa
Aconitate hydratase

56

Glycine dehydrogenase

313 kDa

130

Phospholipase D alpha

225 kDa

102

Sucrose synthase isoform 1

92 kDa

71

Phenylalanine ammonia-lyase

193 kDa

106

Luminal-binding protein 5

73 kDa

59

Chaperonin CPN60-2

145 kDa

188

Chaperonin CPN60-2

61 kDa

80

Adenosylhomocysteinase

86 kDa

141

53 kDa
Adenosylhomocysteinase

130

Catalase isozyme 2

143 kDa

120

Beta-glucosidase 12

191 kDa

131

6-phosphogluconate dehydrogenase

54 kDa

56

Glyceraldehyde-3-phosphate dehydrogenase

130 kDa

130

Glyceraldehyde-3-phosphate dehydrogenase

32 kDa

91

Proteasome subunit alpha type-6

92 kDa

86

Proteasome subunit alpha type-6

32 kDa

42
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Table 5-3. Summary of RNAseq, assembly and annotation results on adventitious and ground
root samples in English ivy.
Sample ID

Number of

Average

Total size

G/C content (%)

sequences

length

Adventitious roots

25,030,290

90 bp

2.10 Gb

44.0

Ground roots

25,141,182

90 bp

2.11 Gb

43.3

Adventitious root assembly

205,180

249 bp

51.19 Mb

40.7

Ground root assembly

233,335

237 bp

55.25 Mb

40.2

Total consensus assembly

79,221

705 bp

55.86 Mb

41.5

Annotated sequences

32,331

996 bp

32.21 Mb

41.6

Unknown sequences

46,890

504 bp

23.65 Mb

41.2
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Table 5-4. Comparison of fold expression changes of genes identified from our analysis in adventitious versus ground roots in English
ivy transcriptome.
Gene Name Gene Length

Hit
Accession

Hit Description

Expression
(Adventitious)

Expression
(Ground)

Fold
Change

10541

4153

Q64560

Tripeptidyl-peptidase

56.23903756

47.07208984

1.194

45254
545
10691
13095
12229
46923

2969
3736
2732
2339
1690
1027

Q6YZX6
P49362
O04865
Q43052
Q05046
Q01781

Putative aconitate hydratase
Glycine dehydrogenase
Phospholipase D alpha
Phenylalanine ammonia-lyase
Chaperonin CPN60-2
Adenosylhomocysteinase

30.90267883
165.3798894
317.4201711
286.501722
97.3068862
657.0366331

22.87008781
37.20849158
734.9895868
20.53709187
25.63885626
187.4003711

1.351
4.444
-2.315
13.95
3.795
3.506

12514
46181
13414
9802

1706
2283
1557
1073

P30567
Q7XKV4
P26520
O48551

Catalase isozyme
Beta-glucosidase
Glyceraldehyde-3-phosphate dehydrogenase
Proteasome subunit alpha type

258.63792
1756.648712
218.4137693
118.4709884

6340.540004
95.02794987
64.29746706
34.32838307

-24.515
18.485
3.396
3.451
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Chapter 6.

Conclusions
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In these studies, we developed an enhanced system for the production of English ivy adventitious
roots and their nanoparticles by modifying GA7 Magenta boxes and identifying the optimal
concentration of IBA for adventitious root growth. This system was the first such platform for
growing and harvesting organic nanoparticles from plants, and represents an important step in
the development of plant-based nanomanufacturing. It is a significant improvement on the
utilization of plant systems for the formation of metallic nanoparticles, and provides an easy
system for the generation of bulk ivy nanoparticles for translation into biomedical and cosmetic
applications.

The development of this bulk extraction method was necessary for collecting enough
nanoparticles for use in subsequent analyses and for any biomedical or cosmetic applications of
economic significance. Through experiments conducted using ICP-MS, we were able to prove
that the ivy nanoparticles were devoid of any metallic components, thus confirming that the ivy
nanoparticles were indeed organic in composition. Elemental analysis revealed a high, ~10:1,
C:N ratio, and FTIR confirmed the presence of peaks related to C-N bonding. FTIR spectra of
ivy nanoparticles were compared with a polysaccharide standard, chitosan, and protein standard,
BSA, and it was found that the ivy nanoparticles were similar in structure to both samples,
indicating that these nanoparticles were most likely composed of glycoproteins. Using gel
electrophoresis, the ivy nanoparticles formed a single high molecular weight band (>480 kDa),
which stained positive for both proteins and glycoproteins through silver and glycoprotein
specific stains.

157

Individual proteins were separated from a previously identified high molecular weight band by
adjusting the reducing conditions prior to SDS-PAGE. Using the denaturing conditions of 2 M
thiourea, 8 M urea and 3% SDS in conjunction with 10 mM DTT in the extraction buffer
provided the greatest denaturation and best resolution, resolving nine additional bands and
maintaining nanoparticle size and stability. Using this strategy, it was possible to separate the
ivy nanoparticles into nine distinct protein bands ranging in molecular weight from 10-175 kDa.
After gel extraction, each band was sequenced using LC/MS/MS, and blasted against the UniProt
database and the ivy transcriptome. In this study we utilized a modified protein extraction
method for the production and identification of ivy nanoparticles. Briefly, denaturing conditions
of 2 M thiourea, 8 M urea and 3% SDS in conjunction with 10 mM DTT used in the extraction
buffer provided the greatest denaturation and best resolution, resolving nine bands from the
single >460 kDa original band, while maintaining nanoparticle size and stability. The results of
the omics analysis identified 14 protein candidates from the English ivy transcriptome and 9
from the UniProt database for a combined total of 20 individual putative proteins with 2
(chaperonin 60-1, chaperonin 60-2) previously shown to form nanoparticles in other systems.
Transcriptome analysis revealed that many of the protein candidates to be enzymes involved in
abiotic and biotic stress response and growth regulators. Interestingly the PAL enzyme was
identified as a top candidate, which is found in the flavanoid pathway and has shown to confer
UV resistance in plants. Of the proteins identified, the chaperonins are the most probable
candidates for nanoparticle formation observed in ivy root hairs. Chaperonins have been shown
to be involved in protein folding and have the ability to form nanoparticle structures. While these
structures have been reported in the literature as much smaller than our observed nanoparticles, it
is possible that upon their disassembly and refolding larger nanoparticle structures can be created,
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such as those observed in ivy. Further studies are necessary to confirm the fuctions of the
proteins listed here, such as through production of knockouts to determine the true core of the
nanoparticle. Additional methods such as high performance liquid chromoatography (HPLC) or
fast performance liquid chromatography (FPLC) can be used to separate and eliminate
nonessential proteins that may be bound to the nanoparticle complex and providing no functional
component to its structure. Additionally, by overexpressing the defined proteins in another
system, such as in yeast, bacteria or a model plant system, we may be able to identify how
multiple proteins are interacting to form the 3D structure of the ivy nanoparticles. Based on these
data, we have identified a pool of protein candidates that may be contributing to nanoparticle
formation and secretion in ivy. Continued research into these proteins will likely assist in the
development of new high strength adhesives. Further, it will now be possible to scale-up the
procedure developed in this work to collect enough ivy nanoparticles for future applications in
drug delivery and cosmetics.
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